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ABSTRACT

Magnetic oxides exhibit rich complexity in their fundamental physical properties
determined by the intricate interplay between structural, electronic and magnetic degrees
of freedom. The common themes that are often present in these systems are the phase
coexistence, strong magnetostructural coupling, and possible spin frustration induced by
lattice geometry. While a complete understanding of the ground state magnetic properties
and cooperative phenomena in this class of compounds is key to manipulating their
functionality for applications, it remains among the most challenging problems facing
condensed-matter physics today. To address these outstanding issues, it is essential to
employ experimental methods that allow for detailed investigations of the temperature
and magnetic field response of the different phases.
In this PhD dissertation, I will demonstrate the relatively unconventional
experimental methods of magnetocaloric effect (MCE) and radio-frequency transverse
susceptibility (TS) as powerful probes of multiple magnetic transitions, glassy
phenomena, and ground state magnetic properties in a large class of complex magnetic
oxides, including La0.7Ca0.3-xSrxMnO3 (x = 0, 0.05, 0.1, 0.2 and 0.25), Pr0.5Sr0.5MnO3, Pr1xSrxCoO3

(x = 0.3, 0.35, 0.4 and 0.5), La5/8−xPrxCa3/8MnO3 (x = 0.275 and 0.375), and

Ca3Co2O6.
First, the influences of strain and grain boundaries, via chemical substitution and
reduced dimensionality, were studied via MCE in La0.7Ca0.3-xSrxMnO3. Polycrystalline,
single crystalline, and thin-film La0.7Ca0.3-xSrxMnO3 samples show a paramagnetic to
9

ferromagnetic transition at a wide variety of temperatures as well as an observed change
in the fundamental nature of the transition (i.e. first-order magnetic transition to second
order magnetic transition) that is dependent on the chemical concentration and
dimensionality.
Systematic TS and MCE experiments on Pr0.5Sr0.5MnO3 and Pr0.5Sr0.5CoO3 have
uncovered the different nature of low-temperature magnetic phases and demonstrate the
importance of coupled structural/magnetocrystalline anisotropy in these half-doped
perovskite systems. These findings point to the existence of a distinct class of phenomena
in transition-metal oxide materials due to the unique interplay between structure and
magnetic anisotropy, and provide evidence for the interplay of spin and orbital order as
the origin of intrinsic phase separation in manganites.
While Pr0.5Sr0.5MnO3 provides important insights into the influence of first- and
second-order transitions on the MCE and refrigerant capacity (RC) in a single material,
giving a good guidance on the development of magnetocaloric materials for active
magnetic refrigeration, Pr1-xSrxCoO3 provides an excellent system for determining the
structural entropy change and its contribution to the MCE in magnetocaloric materials.
We have demonstrated that the structural entropy contributes significantly to the total
entropy change and the structurally coupled magnetocrystalline anisotropy plays a crucial
role in tailoring the magnetocaloric properties for active magnetic refrigeration
technology.
In the case of La5/8−xPrxCa3/8MnO3, whose bulk form is comprised of micron-sized
regions of ferromagnetic (FM), paramagnetic (PM), and charge-ordered (CO) phases, TS
and MCE experiments have evidenced the dominance of low-temperature FM and high-

10

temperature CO phases. The “dynamic” strain liquid state is strongly dependent on
magnetic field, while the “frozen” strain-glass state is almost magnetic field independent.
The sharp changes in the magnetization, electrical resistivity, and magnetic entropy just
below the Curie temperature occur via the growth of FM domains already present in the
material, even in zero magnetic field. The subtle balance of coexisting phases and kinetic
arrest are also probed by MCE and TS experiments, leading to a new and more
comprehensive magnetic phase diagram.
A geometrically frustrated spin chain compound Ca3Co2O6 provides an interesting
case study for understanding the cooperative phenomena of low-dimensional magnetism
and topological magnetic frustration in a single material. Our MCE studies have yielded
new insights into the nature of switching between multi-states and competing interactions
within spin chains and between them, leading to a more comprehensive magnetic phase
diagram.

11

CHAPTER 1.
INTRODUCTION

1.1

Overview and Motivation
Materials that exhibit a coupling among magnetic, structural and electronic degrees

of freedom have been the center of focus for many years now from, an applications point
of view, as well as for a fundamental understanding. Research of complex oxide
materials exploded in 1986 with the discovery of the high critical temperature (high-TC)
cuprate superconductors [1]. Since then a whole host of oxide compounds have been
discovered with a seemingly endless number of interesting phenomena. These
phenomena range from all types of magnetism, i.e. ferromagnetism (FM), ferrimagnetism
(FIM), antiferromagnetism (AFM), paramagnetism (PM), canted-AFM etc. [2-10].
Electronic properties such as ferroelectricity, charge/orbital ordering, metallic, insulating,
semiconducting, superconductivity, spin-state transitions etc. all occur in a wide variety
of structures, which can cause localized lattice distortions leading to phase-separation and
geometrical magnetic frustration among other phenomena [3]. All of these properties are
greatly influenced by external fields (such as magnetic, electric, temperature and external
pressure), as well as internal forces induced by chemical doping [2, 5-8, 10].
Interestingly, most of the properties listed above can exist in a single material when
there is a strong coupling amongst all of the degrees of freedom, leading to complex

1

phase diagrams. All of the aforementioned properties in oxides have been studied in great
detail; however, there is still not a generalized theory on the mechanism causing such
complex

behavior.

For

example,

high-TC

superconductivity

and

colossal

magnetoresistance have been under debate for more than 20 years, now.
The properties of complex oxides can be realized for a wide variety of potential
applications, ranging from spintronic devices, sensors, MOSFETS (metal-oxidesemiconductor field-effect transistors), magnetic refrigeration, etc. However wide the
applications are for this class of materials, one could imagine a seemingly endless
number of applications, if the nature of the materials was fully understood.
1.2

Objectives of the Dissertation
The overall objectives of this dissertation are to explore the fundamental nature of

magnetic phase transitions in complex correlated electron oxides with the magnetocaloric
effect (MCE) and transverse susceptibility (TS) probes.
Specific objectives are:
1.

To implement MCE and TS as fundamental probes for magnetic, electrical and
structural properties of complex oxide materials synthesized in the Functional
Materials Laboratory at the University of South Florida or acquired from our
collaborators.

2.

To systematically investigate, by chemical doping or size reduction, the influence
of first/second- order magnetic phase transitions on MCE.

3.

To investigate complex phenomena related to the coupling of the crystalline
structure and magnetocrystalline anisotropy.

2

4.

To use MCE and TS probes to study materials that exhibit multiple magnetic and
electronic phenomena simultaneously, known as phase-separation.

5.

To

investigate

geometrically-induced

magnetic

frustration

and

related

phenomena, using MCE, in Ca3Co2O6.
1.3

Outline of the Dissertation
The present dissertation aims to provide a comprehensive understanding of MCE

and TS effects on complex magnetic oxide materials, as well as provide a detailed
description of the fundamental nature of magnetic phase transitions in these materials.
For these reasons, this dissertation will be presented in the following chapters:
Chapter 1 gives an overall overview of the motivation of this Ph.D. research
work.
Chapter 2 discusses the fundamental properties, currently known, in doped R1xMxMnO3

(where R is a trivalent rare-earth, M is a divalent alkaline earth metal)

manganite compounds.
Chapter 3 gives an overview of the experimental methods used throughout this
dissertation, namely, MCE and TS.
Chapter 4 shows the influence of reduced dimensions on the magnetocaloric
properties of La0.7Ca0.3MnO3 bulk polycrystalline and thin-film samples.
Chapter 5 provides a detailed description of the effects of Sr doping in the
La0.7Ca0.3-xSrxMnO3 manganite on the magnetic phase transitions, as well as the critical
phenomena.

3

Chapter 6 discusses the influence of a first/second- order magnetic transitions on
MCE, as well as the influence of a structural transition on the magnetic properties in
Pr0.5Sr0.5MnO3, probed by TS.
Chapter 7 presents a systematic study on the subtle balance between multiple
phases coexisting in the same temperature regime in phase-separated La5/8−xPrxCa3/8MnO3
(x = 0.275 and 0.375) single crystals.
Chapter 8 demonstrates

very strong coupling between structure and

magnetocrystalline anisotropy and its impact on the MCE in Pr1-xSrxCoO3 (x = 0.3, 0.35,
0.4, and 0.5).
Chapter 9 demonstrates the overall usefulness of the MCE as a fundamental
probe, when a new phase diagram is presented in the very complicated, geometrically
frustrated, Ca3Co2O6 single-crystal.
Chapter 10 summarizes all of the important results presented throughout the
dissertation, as well as various plans for future implementation of the MCE and TS
probes.
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CHAPTER 2.
FUNDAMENTAL ASPECTS OF MANGANITES

The discovery of colossal magnetoresistance (CMR) in doped manganites with
the general formula R1−xMxMnO3 (R = La, Pr, Nd, Sm, and M = Sr, Ca, Ba, and Pb) has
stimulated intense research into their physical properties [1]. The relationship between
the ferromagnetism and conductivity (e.g. the relationship between the metal–insulator
(MI) transition and the ferromagnetic-paramagnetic (FM-PM) transition) in several CMR
materials has continued to generate interest and reveal new insights, primarily due to the
complexity of the systems [2-7].
It has been experimentally shown that while the parent compound RMnO3 is an
insulating antiferromagnet, substitution of the trivalent R3+ ion by a divalent M2+ ion
leads to coexistence of Mn3+ and Mn4+ ions and, at sufficiently high doping levels (x), the
material becomes a conducting ferromagnet [1]. The metallic ferromagnetic state in
doped manganites was widely interpreted using the double-exchange (DE) mechanism
[8]. According to this model, the transfer of an itinerant eg electron between the
neighboring Mn sites (local t2g spins) via the O2− ion results in a ferromagnetic interaction
due to the on-site Hund’s rule coupling. This model is effective for certain types of
manganites, but, it leaves a lot to be desired. In particular, the understanding of the
complex nature of phase transitions, phase coexistence and separation, and the
magnetostructural coupling phenomena in several mixed-valent manganite systems has
6

remained elusive.

By using the magnetocaloric effect (MCE) and transverse

susceptibility (TS) measurements, we hope to gain deeper physical insights into the
ground state magnetic properties and magnetic field-induced phenomena in these
complex materials.
2.1 Crystal Structure
R1−xMxMnO3 belongs to the general perovskite family, ABO3. The Mn ions
occupy the B-site at the center of the unit cell, while oxygen ions coordinate around the
3+

Mn ion, forming MnO6 octahedra. The R

2+

and M

ions are then distributed randomly

over the A-sites in the crystal. The high temperature (~1000 K) cubic phase can be seen
in figure 2.1.

Figure 2.1: Idealized cubic perovskites phase: Mn3+/4+ (green) occupy the center of the
cube, oxygen ions (red) form octahedra around the Mn3+/4+ ions. And the trivalent rare
earth or divalent alkali earth (blue) forms the corners of the cube.
At lower temperatures, the MnO6 octahedra become distorted, thereby reducing
the symmetry of the structure. This distortion from the idealized cubic structure can be
simply parameterized via the Goldschmidt tolerance factor (t):
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〈
√ (

where 〈 〉

(1.21 Ǻ) and

〉

,

)

(2.1)

(Mn3+ = 0.58 Ǻ, Mn4+=0.53 Ǻ) [9], are the

average radii of the A-site cation, oxygen, and manganese ions, respectively. For the
idealized cubic case presented in Figure 2.1, t = 1, however, stable values range from 0.8
< t < 1.


Cubic: t = 1



Rhombohedral: 0.96 ≤ t <1



Orthorhombic: t < 0.96

Figure 2.2: The Pnma unit cell of La1-xCaxMnO3 (taken from [8]) showing general
distortions of the standard cubic lattice. The ions are represented by black (manganese),
grey (La or Ca) and white (oxygen) spheres.
Generally, the size of the A-site cations differs greatly from the idealized cubic
model (a linear variation from 1.32Ǻ to 1.25Ǻ for x = 0 and x = 1, respectively), this will
lead the MnO6 octahedra to rotate or distort to improve packing. This distortion in the
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MnO6 leads this class of perovskites to have a true orthorhombic Pnma unit cell, as
shown in figure 2.2.
Electrical conduction and magnetic ground states are greatly influenced by the
distortion of the MnO6 octahedra. A conduction band is formed in the manganites via the
overlap of Mn 3d and O 2p orbitals. Therefore, by distorting the MnO6 octahedra, there
will be lengthening or bending of the Mn-O-Mn bond, thereby reducing orbital overlap
and hopping amplitude of the itinerant eg electrons. Further evidence for the importance
of chemical doping will be discussed throughout this thesis.
2.2 Crystal field splitting and the Jahn-Teller effect

In the idealized cubic perovskite structure, the five-fold degeneracy of the Mn 3d
orbitals is split into two levels (t2g triplet and eg doublet) by the octahedral crystal field.
The electron state will be defined from Hund’s rules:
1. Maximize spin angular momentum |S|
2. Maximize orbital angular momentum |L|
3. If an orbital is less than half-filled, the total angular momentum (J) is
J=|L-S|. If the orbital is more than half-filled, J=|L+S|. If the orbital is
half-filled then L=0 via rule 1 and the Pauli Exclusion Principle.
Therefore the three 3d electrons in Mn4+ are strongly spin aligned in the lower t2g
level, forming a “core” spin S=3/2. Meanwhile, Mn3+ has an extra electron, which, due to
Pauli Exclusion Principle and strong Coulomb repulsion, resides in the eg level. Due to
Hund’s coupling the eg electron is spin coupled to the “core” S=3/2 electrons.
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Figure 2.3: Crystal field splits degenerate 3d orbitals into eg and t2g levels, then
crystal distortion due to the Jahn-Teller effect, further splits the degenerate eg and t2g
levels (taken from [10]).

The Jahn-Teller (JT) theorem [10] states that degenerate orbital ground state
levels are generally unstable, which requires decreased symmetry to lift the degeneracy.
Therefore, the MnO6 octahedra spontaneously distorts, further splitting the eg and t2g
energy levels; this distortion is known as the JT effect. A schematic is shown in figure
2.3. The JT effect is only energetically favorable if either of the t2g or eg states is partially
occupied. Therefore, Mn3+, which has an electronic configuration of 3d4, leads to a single
electron in the eg level, which leads to a very strong deformation in the MnO6 octahedra
in order to lift the degeneracy.
Electrical conduction and magnetic properties of these manganite materials are
primarily attributed to the Mn-O bonds. In the MnO6 octahedral environment, the Mn t2g
triplet orbitals (3dxy, 3dyz and 3dzx) have very little overlap with the oxygen 2p orbitals
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and are strongly localized. The eg orbitals (3d3z2-r2 and 3dx2-y2) on the other hand, are
farther reaching and are oriented towards the oxygen 2p orbitals. The probability of
overlap between the Mn eg and O 2p orbitals is large enough for electron hopping, thus
forming a method of conduction. By shortening the distance between Mn-O, there will be
an increased probability of orbital overlap, thus a larger occurrence of electron hopping,
and in turn enhancement of ferromagnetic properties. The overall length and angle of the
Mn-O-Mn bond depends strongly on the radii of the A-site cations. The A-site cations
will determine the ratio of Mn3+ to Mn4+ ions in the system. For example, a doped
manganite of the form R(1-x)MxMnO3 will exhibit a Mn4+/ Mn3+ ratio as:

(2.2)

The ideal ratio for a ferromagnetic-metal ground state has been shown to be x=1/3
[1], however, by changing the ratio, one can observe competition between various
magnetic ground states, as well as charge and orbital ordering, which will be discussed
throughout this dissertation. An eg electron can hop between nearest-neighbor Mn ions,
causing JT lattice distortion. The strong coupling between the eg electron and the lattice
distortions is known as a polaron. In the paramagnetic state, polarons are free to move
about the lattice, thus creating a polaronic liquid [11].
2.3 Magnetic Interactions
The A-site (A = R, M) doping has been shown to control an effective one electron
bandwidth (W), which primarily governs the magnetic and magnetotransport properties
of a material [1-7]. Manganites are generally separated into three classes, namely large,
intermediate and low bandwidth manganites. Larger W, leads to a larger probability of
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electron hopping, hence large conductivity, and a more stabilized ferromagnetic (FM)
phase. As W is reduced, FM state tends be less prominent and there is a larger probability
of phase separation. W can be tuned by applying external pressure, internal strain due to
chemical doping, etc., thus creating a wide variety of magnetic and structural ground
states in which to investigate.
2.3.1 Double Exchange
Double exchange (DE), first coined by Zener [12], involves the simultaneous
transfer of one electron from the Mn3+ eg orbital to an oxygen 2p orbital, and from that
oxygen 2p orbital to a neighboring Mn4+ eg orbital, as shown in figure 2.4.

Figure 2.4: A schematic representation of the double exchange mechanism showing
the simultaneous transfer of electrons between Mn3+ to O2- and from the O2- to Mn4+
ions taken from [14].

The hopping of the itinerate electrons via DE leads to the main conduction channel
in the manganites. The two electrons involved in the DE process must have the same spin
i.e. ferromagnetic coupling, due to Hund’s coupling and the Pauli Exclusion Principle.
The strength of the DE mechanism is defined by the charge transfer integral [13]:
(

)

(2.3)

where  is the relative angle between local spins. As a magnetic field is applied to the
material, it will force the local t2g spins to align thus reducing spin scattering (i.e.
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resistivity decreases) and enhancing the ferromagnetic phase. The DE theory has been
shown to accurately describe the properties of the metallic ferromagnetic state in doped
manganites with relatively large W, such as La0.7Sr0.3MnO3 [13]. However, it alone
cannot explain the features of the MI transition and CMR observed in manganites with
narrow W such as La0.7Ca0.3MnO3 [3], where other effects such as collective JT
distortions and antiferromagnetic (AFM) interactions coexist and strongly compete with
the ferromagnetic phase.
2.3.2 Superexchange
In general, exchange interactions between magnetic ions are short-range
interactions, occurring only when electrons’ spatial wave functions overlap. The range of
these interactions can be slightly extended by the transfer of electrons that do not
contribute to the overall magnetic behavior; this is called superexchange (SE). In the SE
model, magnetic interactions between adjacent ions are mediated by an intermediate nonmagnetic ion. This is a common interaction in insulating oxides, such as the manganites.
If partially-filled and fully-filled orbitals on nearest-neighboring ions point towards each
other, then an electron can be shared between the two ions. For the case of the
manganites, if a vacancy in the eg orbital and the fully occupied O 2p orbital point
towards each other, an electron from the O 2p will be shared between the two ions, as in
the schematic shown in figure 2.5.
SE interactions can produce ferromagnetic or antiferromagnetic states, depending
on the occupancy of Mn orbitals. There are two possible options for SE to occur in
manganites, namely Mn3+-O2--Mn3+ (figure 2.5(a)) and Mn4+-O2--Mn4+ (figure 2.5(b)).
For the Mn3+ (figure 2.5(a)) case, there is an extra electron in the eg state which is spin13

aligned to the t2g electrons via Hund’s rules, so the “shared” spin with the oxygen will be
anti-aligned to the eg electron due to the Pauli Exclusion Principle. However, for the
Mn4+ case (figure 2.5(b)), the t2g electrons will align parallel to the O 2p electron. Unlike
the DE mechanism discussed previously, SE will always result in an insulating state.

Figure 2.5: Schematic representation showing the arrangement of spins and orbitals
in superexchange taken from [14].
2.3.3 Charge and Orbital Ordering
In A-site doped manganites, the substitution of a trivalent rare-earth ion with a
divalent alkaline earth metal introduces excess holes (or electrons) into the material. At
relatively high temperatures (>300 K) the excess holes (or electrons) are largely
distributed randomly throughout the crystal, however, as the material is cooled, the
excess holes (or electrons) may arrange in a periodic lattice due to repulsive Coulomb
interactions between them; this ordered state is known as charge order (CO). The pattern
of the ordering can be drastically influenced by the choice of doping, as well as the
doping concentration. The CO state is often accompanied by slight localized lattice
distortions, thereby making it directly observable, although this observation can be rather
difficult. Generally the CO state can be characterized by large changes in the transport
and magnetic properties due to localized charges disrupting the conduction channel
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leading to the CO state being associated with the AFM (or PM) insulating magnetic state.
Interestingly, regions in the material that are not associated with CO can be ferromagnetic
and metallic in nature, therefore CO manganites can have alternating regions of FM
metallic and AFM insulating regions, which is known as phase separation.

Figure 2.6: CE -type charge ordering along ab-plane in La0.5Sr0.5MnO4 taken from
[http://folk.uio.no/ravi/activity/ordering/chargeordering.html]
Figure 2.6 shows a schematic of CE-type charge order of the half-doped
La0.5Sr0.5MnO4. In this figure, the Mn3+ ions automatically arrange themselves in a
checkerboard type configuration. Another interesting ordering process in the manganites
comes from the lack of spherical symmetry in the Mn 3d orbitals, where the symmetry of
the local environment will determine the most favorable orbital ground-state, therefore
affecting the orientation of the orbitals throughout the crystal. The crystal-field splitting
and JT effect discussed earlier can lead to orbitals aligning into periodic patterns; this
effect is known as orbital ordering (O-O). The O-O can also arrange itself in several
ways; figure 2.7 shows a few orientations, signifying the complex nature of this behavior.
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Figure 2.7: Various forms of orbital ordering in the manganites taken from
[http://folk.uio.no/ravi/activity/ordering/orbitalordering.html]
2.4 Conclusions
Manganites exhibit a wide range of magnetic, electronic and structural properties,
all of which depend heavily on the chemical composition. Small changes in the A-site, Bsite or oxygen stoichiometry can lead to extraordinarily altered physical properties,
ranging from a simple shift in magnetic transition temperature to a completely different
structure. This class of materials gives scientists a relatively endless supply of complex
phenomena to investigate.
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CHAPTER 3.
EXPERIMENTAL METHODS

3.1

Magnetocaloric Effect

3.1.1

What is the Magnetocaloric Effect?

The magnetocaloric effect (MCE) describes the isothermal change in entropy (or
adiabatic change in temperature) of a magnetic material through the application and
removal of an external magnetic field. MCE is best known for its contribution to industry
via magnetic refrigeration (MR)[1].
Figure 3.1 is a schematic representation of an MR; the general operation works as
a magnetic material, initially demagnetized, is at a temperature T. The material is then
adiabatically magnetized, thus decreasing the magnetic entropy of the material, which in
turn increases the entropy of the lattice, therefore leading to an increase in the material’s
temperature (T+T). Then, the small increase in temperature (T) is removed, bringing
the temperature of the material back to its original state (T). Finally, the material is
demagnetized, therefore increasing the magnetic entropy, which decreases the lattice
entropy, and the material’s temperature. Vapor-compression refrigerators are the most
widely used thus far; they are based on the compression and expansion of greenhouse
gases, such as chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs). This
refrigeration process is not very efficient, with an efficiency of just 5–10% of the ideal
19

Carnot cycle as opposed 30–60% for MR. Refrigeration accounts for 25% of residential
and 15% of commercial power consumption; therefore, new technology is needed to
reduce these numbers.

Figure 3.1: Schematic of a working magnetic refrigerator. Image credit Tegus et. al.
Nature 415 (2002).

The concept of MCE itself is very old with magnetic cooling for producing ultra-low
temperatures dating back to the 1920’s. However, recently, complex oxides have shown
promise in MR due to large MCE and tunable phase transitions.
There has been a lot of work on MCE-based MR as an alternative to conventional
gas compression (CGC) methods. The MR technology has several advantages over the
CGC technology, such as:


Magnetic refrigerators can be more compactly built when using solid
substances as working materials.



MR does not use ozone-depleting or global-warming gases, and therefore is
considered an environmentally friendly cooling technology.
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MR has found wide applications in energy-intensive industrial and
commercial refrigerators such as large-scale air conditioners, heat pumps,
supermarket refrigeration units, waste separation, chemical processing, gas
liquefaction, liquor distilling, sugar refining, grain drying, and so forth.

Even though MCE is known, primarily, as an application-based tool, it also can be
utilized as a particularly good probe for studying fundamentals of magnetic, structural
and electronic phase transitions in magnetic materials. For example, doped manganites
with a general formula of R1−xMxMnO3 (R=La, Pr, Nd, etc., and M=Sr, Ca, Ba, etc.)
exhibit a rich variety of phenomena such as colossal magnetoresistance [2] and large
MCE [3]. From the nature of the measurement, MCE can probe into the coupling of
magnetic- and temperature-induced transitions, which is of utmost importance in these
types of materials. Manganites and the MCE measurement process will be discussed in
further detail in subsequent sections.
3.1.2

Theoretical Aspects of MCE

The thermodynamics of a magnetic material in an applied magnetic field (H), at a
temperature (T) and pressure (p) can be completely described via the Gibbs free energy:
(3.1)
where U is the internal energy, S is the total entropy, V is the volume and M the
magnetization of the material. V, M and S are given by taking the first derivative of G:
(
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The specific heat can then be described as the second derivative of G:
(

)

(

(3.5)

)

By the definition of phase transitions, if the first derivative of the Gibbs free energy is
discontinuous, the transition is of the first order. Second order transitions occur when the
second derivative of the Gibbs free energy is discontinuous.
The total change in entropy of a magnetic material can be described by:
(

)

(

)

(

)

(

)

(3.6)

where Sl,SM, Se are the lattice, magnetic and electronic entropy, respectively. When a
magnetic material is subjected to a sufficiently high magnetic field, the magnetic
moments of the atoms become reoriented, therefore decreasing the magnetic entropy. If
the magnetic field is applied adiabatically, the system must make up for the decrease in
SM by increasing Sl, thus the temperature of the material rises. By running this process
in reverse, we can achieve a decrease in the sample temperature. This warming and
cooling in response to the application and removal of an external magnetic field is called
the MCE. Since entropy is a state function, the total differential can be expressed as:
(

)

(

)

(

)

(3.7)

Isobaric (dp=0) and isothermal (dT=0) measurements will lead to a measurement of the
magnetic entropy change alone. The change of dS of a magnetic material upon the
application of an H is related to M with respect to T through the thermodynamic Maxwell
relation:
(

)

(
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(3.8)

The magnetic entropy change, ΔSM (T,H), is then calculated by:
(

)

(

)

(

)

∫ (

)

(3.9)

It is interesting to note that since ΔSM (T,H) depends directly on the derivative of the
M(T), this measurement is inherently more sensitive for studying phase transitions than
standard magnetometry. For magnetization measurements made at discrete field and
temperature intervals, ΔSM (T,H) can be approximately calculated by the following
expression:
(

)

∑

(

)

(

)

(3.10)

Alternatively, ΔSM (T,H) can be obtained from calorimetric measurements of the field
dependence of the heat capacity and subsequent integration:
(

)

∫

(

)

(

)

(3.11)

where C(T,H) and C(T,0) are the values of the heat capacity measured in a field, H, and
in zero field (H = 0), respectively. Therefore, the adiabatic temperature change (ΔTad) can
be evaluated by integrating Eq. (3.11) over the magnetic field, which is given by:
∫

(

)

(3.12)

The refrigerant capacity (RC), is defined as the heat transferred from the cold end (T1) to
the hot end (T2) of an ideal thermodynamic refrigeration process. The RC of a
magnetocaloric material can be, in simple cases, evaluated by considering the magnitude
of ΔSM and its full-width at half maximum (δTFWHM):
( )

∫
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( )

(3.13)

Figure 3.2 shows the method of calculating RC from the -SM curve. From this
figure the RC corresponds to the hatched area under the curve. Immediately following
from equations (3.8–3.11), materials whose total entropy is strongly influenced by a
magnetic field and whose magnetization vary rapidly with temperature are expected to
exhibit an enhanced MCE, i.e. around a magnetic phase transition temperature such as TC
or TN in a conventional ferromagnet or antiferromagnet respectively.

Figure 3.2: The method for calculating the RC from the −SM(T) curve using Eq. (3.13)
for two types of transitions in Pr0.5Sr0.5MnO3.
However, according to the Ehrenfest classification of phase transitions [4], since a
first-order magnetic transition (FOMT) is accompanied by a discontinuity in the first
derivative of the free energy (SM or M), care must be used when calculating SM. For
this kind of phase transition, the ΔSM values obtained from Eq. (3.9) are often much
higher than the ones obtained from pure magnetic contribution alone [5, 6].
3.2

MCE as a Fundamental Research Tool
From equation (3.9) we note that SM(T) is directly related to the first derivative

of magnetization with respect to temperature (M/T), so the MCE is expected to be
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inherently more sensitive for probing magnetic transitions than conventional
magnetization and resistivity measurements. A very small change in M can give rise to a
more pronounced effect in SM(T) than in M(T) or resistivity measurements. More
importantly, the sign of SM, which is determined by the slope change of the dM/dT
curve, can allow probing the magnetic transitions further to better understand the nature
of the different phases in a material with a rich and complex H-T magnetic phase diagram
[10-13]. Following the convention in MCE analysis, the value of -SM is positive for
materials exhibiting an FM transition, because of the fully magnetically ordered
configuration with the application of an external magnetic field [9, 10]. Meanwhile,
negative values of -SM are found in AFM ordering systems due to orientational disorder
of the magnetic sublattice anti-parallel to the applied magnetic field [11, 12]. An
excellent example of this is the Pr0.5Sr0.5MnO3 system as shown in Figure 3.2, where the
material undergoes a transition from the paramagnetic to ferromagnetic state and a
second transition from the ferromagnetic to antiferromagnetic phase. Recently, von
Ranke et al. [13] have theoretically investigated the implications of positive and negative
MCE in antiferromagnetic and ferromagnetic arrangements. In this dissertation, I will
demonstrate the usefulness of the MCE method for probing the nature of phase
transitions, phase coexistence, magnetic ground states, and the subtle balance of
competing phases in phase separated manganite systems such as Pr0.5Sr0.5MnO3, La5/8xPrxCa3/8MnO3

(x = 0.275 and 0.375) and half-doped cobaltites Pr0.5Sr0.5CoO3.

3.2.1

Order of Transitions and Critical Phenomena

Understanding the nature of phase transitions and critical magnetic behaviors near
these transitions is essential to access the underlying origins of the magnetic field induced
25

phenomena such as colossal magnetoresistance (CMR) and the magnetocaloric effect
(MCE). Below, we show the methods used for the analysis of second-order magnetic
transitions and critical exponents of the material systems studied in this PhD research
work.
It has been shown that for materials that exhibit a second-order magnetic
transition (SOMT), the Kouvel–Fisher (K–F) method [14] can be used to precisely
determine the critical exponents of these samples. This method consists of an iterative
procedure which starts by constructing the Arrott–Noakes (A–N) plot (i.e. the plot of M2.5
vs. (H/M)0.75). From it, the values for M0(T) are computed from the intercepts of various
isothermal magnetization vs. field curves on the ordinate of the plot (for temperatures
below TC). The intercept on the abscissa (for temperatures above TC), allows calculating

0(T). Once the M0(T) and 0(T) curves have been constructed, two additional parameter
data sets, X(T) and Y(T), may be determined:

( )

( )

(

(

)

)

(3.15)

(3.16)

In the critical region, both X(T) and Y(T) should be linear, with slopes that give
the values of the critical exponents, and intercepts of the temperature axis, which
correspond to TC. The values of the critical exponents are refined by using an iterative
method: once Eqs. (3.15) and (3.16) produce the values of the critical exponents, a
generalized A-N plot (M1/ vs. (H/M)1/ ) is constructed and used to calculate new M0(T)
and 0(T) curves, which are subsequently input into Eqs. (3.15) and (3.16), resulting in
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newer values for  and . The procedure terminates when the desired convergence of the
parameters is achieved. TC is obtained as the intercept on the abscissa of both X and Y
lines.
According to Widom’s scaling hypothesis [15], for SOMT materials, the
spontaneous magnetization M(,0) below the TC, the critical magnetization M(0,H), the
isothermal initial susceptibility T ( ,0), and the maximum magnetic entropy change

SM  0, H  possess the following power-law dependences:


M ( ,0)  M 0 ( )  M ( 1, 0)  ;   0

(3.17)

M (0, H )  M C ( H )  M (0,1) H 1/ ;   0

(3.18)



;  0
 0 (1,0) 
T ( ,0)   0 ( )  


 0 ( 1,0)  ;   0

(3.19)

SM (0, H )  SM (0,1) H n

(3.20)

where   T  TC  / TC is the reduced temperature, M(1,0), M(0,1), 0 (1,0) , 0 ( 1,0) ,
and ΔSM (0,1) are the critical amplitudes, and , , , and n are the critical exponents.
The Widom scaling hypothesis also allows for the determining of the equations of
state of a magnetic system; they can be expressed as [16]:

M ( , H )
  
   1/    mt   (t )
1/
H
H 

(3.21)

 H 
 f      mh  f  (h)
 



(3.22)

M
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where mt  M ( , H ) / H 1/

is the renormalized temperature dependence of the

magnetization, t   / H 1/  is the renormalized temperature,  is the temperature scaling
function, mh  M / 
hH/





is the renormalized field dependence of the magnetization,

is the renormalized field, f+ (for T > TC) and f (for T < TC) are the field

scaling functions, and        is the so-called gap exponent. According to Eq.
(3.21), if appropriate values of the critical exponents (, , and ) and TC are used to plot
mt versus t, all experimental data points will collapse onto one universal curve, . On the
other hand, according to Eq. (3.22), all experimental data of the plot of mh versus h will
collapse onto two universal curves: f+ (for T > TC) and f (for T < TC). This is an
important criterion to validate the reliability of the procedure used to obtain the critical
exponents. In addition, from Eq. (3.19) the plot of the renormalized field dependence of
the isothermal susceptibility, jh  T ( , H ) / 



versus h, will collapse onto two

universal curves jh  g (h) : one above TC (g+) and another below TC (g), and from Eq.
(3.20). The plot of the renormalized temperature dependence of the magnetic entropy
change, st  ΔSM ( , H ) / H

n

versus t, will collapse onto one universal curve st=·(t)

[17-20].
Recently, it has been shown theoretically [19] and experimentally [20] that the
latter universal behavior can be obtained without knowledge of the critical exponents,
and that the magnetic field dependence of ΔSM ·can be represented as [18, 21]:

ΔSM T , H   ΔSM T ,1 H n 
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T ,H 

(3.23)

where the amplitude, SM T ,1 , is T-dependent, and the exponent n generally depends
on temperature and field, taking the asymptotic values n = 1 and n = 2 when the values of
T are quite far below and above TC, respectively. At T = TC (or at the temperature that
ΔSM attains its maximum value ΔS Mpk , T = Tpk), the exponent n is field-independent and
can be expressed in terms of the other critical exponents, as:
(

)

(

)

(

)

(3.24)

Since only two critical exponents (n and ) are independent, it is then possible to
completely define the critical exponents using a non-iterative method [22]. The exponent
n can be obtained from the fitting of the ΔS Mpk values as a power law of the magnetic
field using Eq. (3.20), while the exponent , according to Eq. (3.21), can be obtained
from the fitting of the reference temperatures (selected as that corresponding to a certain
fraction of ΔSM in the ΔSM vs. T representation) as a power law of the field  r

H 1/ 



or, alternatively, according to Eq. (3.22), as the fitting of the reference fields (selected as
that corresponding to a certain fraction of ΔSM in the ΔSM vs. H representation) as a



power law of the temperature H r

3.3





.

Transverse Susceptibility
Resonant based measurements are advantageous when it comes to probing

relatively minor changes in the physical properties of a material. An easy way to perform
resonant measurements on magnetic materials is based on an LC tank circuit, where a
material is placed inside of the capacitor or the inductor as is the case in this study.
Therefore, any change in material properties will induce a change in the capacitance (C)
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or inductance (L), which in turn changes the resonant frequency of the circuit. Thus,
measurement of the frequency shift results in a direct correlation in the electronic,
dielectric, or magnetic response of the material [23]. Here we introduce the radio
frequency (RF) transverse susceptibility as a very powerful probe of magnetic anisotropy,
switching fields and spin dynamics in strongly correlated electron magnetic systems such
as complex oxides, as discussed throughout this dissertation.
The transverse susceptibility measurement is an LC tank circuit that is driven at a
constant resonance by supplying the circuit with external power (driven by a tunnel diode
oscillator (TDO)) to compensate for dissipation. This arrangement makes a self-resonant
circuit as the power supplied by the TDO maintains continuous oscillation of the LC tank
circuit operating at a frequency given by the expression [24].



1
LC

(3.25)

Inserting a sample into the inductive coil will produce a small change in the coil
inductance ΔL. If ΔL/L <<1, one can differentiate equation (3.25) and obtain the
expression:






L
2L

(3.26)

Since ΔL is the related to material properties. For magnetic materials, this is
proportional to the real part (µ′) of the complex permeability.
µ = µ′-iµ″

(3.27)

In this setup, the sample is encapsulated in a gel cap, which can be placed inside
the inductive coil. The entire coil is inserted into the sample chamber of a Physical
Property Measurement System (PPMS) by Quantum Design (Fig. 3.3). The advantage of
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inserting the probe into the PPMS is that we gain control over a wide range of
temperatures (1.8K – 350K) and magnetic fields (±7 T). Since the LC circuit is driven at
resonance there is a small oscillating RF field (HRF) produced by the inductor, which is
oriented perpendicularly to the DC field (HDC), produced by the PPMS, therefore giving
us transverse geometry.
(a)

(c)

(b)

Figure 3.3: (a)Schematic diagram of the transverse susceptibility circuit, (b) Schematic
depiction of transverse susceptibility probe , (c) Quantum Design PPMS.

In this configuration, the change in inductance is determined by the change in
transverse permeability, µT, of the sample. The TS ratio can be written as:
ΔχT/χT (%) =



T



( H )  Tsat  100



sat
T

(3.28)

where χTsat is the TS at the saturating field, Hsat. Since this is a measure of the overall
change in TS, there is no dependence on the geometrical parameters, therefore proving to
be useful for many systems [24].
The theory of reversible TS was first studied theoretically by Aharoni et al. in
1957 [25]. In his work, the expression for TS was analytically derived for a singledomain particle based on the Stoner-Wolfarth model. When ΔχT/χT is plotted as a
function of HDC, singularities are observed at the anisotropy fields (±HK), as seen in
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figure 3.4. The effective anisotropy constant (K) can be extracted from this through the
relation:
HK = 2K/MS

(3.29)

where MS is the saturation magnetization.

Figure 3.4: Transverse and parallel susceptibility (T and P respectively) for singledomain magnetic particles. Image from reference [20].

Many known coupling phenomena are characterized by an overall increase in
effective anisotropy of the system, with exchange coupling being the best known
example. In these systems, an increase in coercivity is almost always observed [26]. We
have shown how TS can also be used to complement traditional static magnetic
measurements for systems whose effective anisotropy has increased due to the presence
of a phase transition. In the examples outlined in subsequent sections, we explain how the
TS curves, for complicated systems, can probe regions in complex phase diagrams that
general magnetometry cannot.
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CHAPTER 4.
IMPACT OF REDUCED DIMENSIONALITY ON THE MAGNETIC AND
MAGNETOCALORIC RESPONSE OF La0.7Ca0.3MnO3

This chapter presents a systematic investigation of dimensionality effects and
grain boundaries on the magnetic and magnetocaloric properties of La0.7Ca0.3MnO3 by
contrasting the behavior of poly-crystalline and pulsed laser-deposited thin-film forms of
the system. The paramagnetic to ferromagnetic transition and saturation magnetization
were found to broaden and shift to lower temperatures in the thin-film sample. These
factors serve to reduce the magnitude of the magnetocaloric response in the thin-film
samples. However, a large broadening of the magnetic entropy change peak in the thinfilm sample leads to enhanced refrigerant capacity (RC) when compared to the bulk
sample. Universal curves, based on re-scaled entropy change curves, tend toward collapse
with reduced dimensionality, indicating a crossover from a first- to second-order
magnetic transition in the thin-film.
4.1

Introduction
La1-xCaxMnO3 (LCMO) is a canonical example of the mixed-valent perovskite

compounds, exhibiting a rich phase diagram (figure 4.1), which has fueled a great deal of
research into these systems over the past two decades [1]. The average radius of the Asite ion can lead to various magnetic phenomena, such as canted-antiferromagnetism
(CAF),

charge-ordering

(CO),

ferromagnetic
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metallic/insulator

(FM/FI)

and

antiferromagnetism (AFM). In the doping range 0.25 < x < 0.33, bulk LCMO exhibits a
paramagnetic to ferromagnetic transition between 230 K and 260 K, concurrent with the
metal to insulator (MI) transition.

Figure 4.1: Phase diagram of La1-xCaxMnO3, showing the subtle balance between
chemical doping and magnetic properties (taken from [2]).

This critical temperature and doping range is characterized by colossal magnetoresistance
(CMR) and a large magnetocaloric effect (MCE), prompting many studies focused on
understanding the underlying transport and magnetic properties in thin-films [3-8] and
bulk [9, 10] samples of LCMO.
The properties of thin-films as compared to their bulk counterparts vary widely
depending on thickness, substrate, details of deposition, post annealing, oxygen content,
etc. However the general trend upon thickness reduction is a suppression of the Curie
temperature (TC) and saturation magnetization (MS), and an enhancement of resistivity
and magnetoresistance (MR) [7]. In very thin coherently-strained films, disagreement
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exists as to whether these effects can be attributed primarily to strain or finite size effects,
[5, 8] due to magnetically dead layers on the surface of the film, as well as at the interface
between the substrate and film. However, in moderately thick films (>100 nm) these
features are likely disorder-induced, as strain relaxation can give rise to extrinsic defects
such as dislocations, stacking faults, cationic vacancies, and grain boundaries.
In this chapter, I will examine the re-structuring of the first-order ferromagnetic
LCMO compound in a thin-film sample and compare the results to a bulk polycrystalline
sample of the same composition. The magnetic and magnetocaloric properties of the
samples are characterized, and it is found that the greater deviation from the bulk
behavior occurs in the thin-film. Universal scaling, based on magnetic entropy change
curves, is applied to understand the impact of reduced dimensionality on the nature of the
ferromagnetic transition in LCMO.
4.2

Experiment
A frequently used method for producing manganite thin-films is pulsed laser

deposition (PLD). A PLD system generally consists of a target holder, a heated substrate,
a vacuum chamber (base pressure 10-6 Torr) and a laser, as seen in the schematic in figure
4.2.
A pulsed laser beam is focused onto a stoichiometric target through a quartz window. The
immense temperature generated from the laser onto the target makes the target molten,
leading to evaporation and ionization of the target. The collection of particles ejected
from the surface, called the plume, is then transported to the substrate. PLD has a few
disadvantages, primarily particulates (up to ~10 m) formed in the plume can be
deposited on to the substrate and the plume is highly directional, therefore, non-uniform
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film thickness may occur. Rastering the laser across the target helps to ensure uniformity
of the film, by minimizing the development of large droplets on the substrate’s surface.
The deposition is performed off-axis.

Figure 4.2: Schematic representation of a pulsed laser deposition system. Image credit
Andor Technology.

Substrate temperature, oxygen partial pressure, laser energy density and laser
repetition rate greatly affect the quality of the thin-film. Samples of LCMO in various
forms were prepared at the Naval Research Laboratory (NRL). LCMO thin-films (~150
nm thickness) were deposited on MgO (100) substrates, from a commercially purchased
(Kurt J.Lesker Company) stoichiometric polycrystalline target, using a KrF excimer laser
(Lambda Physik LPX 305, = 248nm, FWHM = 30 ns) that was operated at 5Hz and
focused through a lens with a 50-cm focal length onto a rotating target at a 45o angle of
incidence. The energy density of the laser beam at the target surface was maintained at ~2
J/cm2. The target-to-substrate distance was 5.5 cm.
Films were deposited at a substrate temperature of 777 oC in an oxygen pressure
of 300 mTorr followed by in-situ annealing at 600 oC for 30 min in an oxygen-rich
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background. To minimize the effects of variation in stoichiometry and purity, a portion of
the same target was used as the bulk polycrystalline reference sample, while conducting
magnetic measurements. Profilometry confirmed the thickness of the film to be 150 nm.
Magnetic measurements were carried out from 25 K – 350 K under fields up to 5 T. The
diamagnetic contribution from the MgO substrate was corrected by using a linear fitting
and subtraction.
4.3

Results and Discussion
Figure 4.3 shows the temperature dependence of magnetization in a

polycrystalline bulk, and a thin-film of LCMO. Two effects are immediately obvious
from inspection of the results: first, the sharp paramagnetic to ferromagnetic (PM-FM)
transition that occurs in the bulk material is considerably broadened in the thin-film.
Secondly, the TC – estimated here from the minima in the derivative of magnetization
with temperature – shifts to a lower temperature (~235 K) in the thin-film. The
broadening phenomenon can be attributed to the distribution of TC owing to the local
variation of strain near grain boundaries and defects in the thin-film [3, 6]. In a
percolative system, the distribution in transition temperature is Gaussian with a width that
can be qualitatively linked to the disorder present in the system [6]. A Gaussian fit to the
dM/dT curves in the inset of Fig. 4.3 yields distribution widths of Г=5 K and 35 K for the
polycrystalline and thin-film samples, respectively. The large distribution is indicative of
considerable variation in the local structure of the film. The reduction in the average
value of TC has been observed before in both nanocrystalline and thin-film forms of
LCMO, and is usually attributed to finite size effects and disorder [7, 11]. To evaluate the
magnetic entropy change in the system, isothermal magnetization vs. field (M (H)) curves
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were recorded around the transition temperature in each sample. The inset of Fig. 4.4
compares the M (H) isotherms at 120 K. The 5 T value of magnetization reached 3.5 µB
and 2.4 µB in the polycrystalline and thin-film samples, respectively.
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Figure 4.3: Temperature dependence of magnetization recorded on cooling in a field of
500 Oe and normalized to 25 K value. Lines are guide to the eye. Inset: First derivative of
magnetization.
The expected spin-only magnetic moment is determined by the Ca2+-doping-dependent
ratio of Mn4+ (S = 3/2) to high-spin Mn3+ (S = 2), which predicts a value of 3.7 µB in
LCMO. Defects and oxygen off-stoichiometry could reasonably account for the ~5%
discrepancy between the polycrystalline sample and the ideal value.
The entropy change in the system is obtained by integrating between successive
M (H) isotherms according to the thermodynamic Maxwell relation. Under an applied
field change of 5 T, the absolute value of the magnetic entropy change (|

|) reaches a

peak value near the TC of 7.7 J/kg K in the polycrystalline sample. This value is in good
agreement with Ref. [12], in which a sol-gel method combined with high temperature
sintering was used to prepare the sample, in contrast to Ref. [10] in which a modified
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solid state reaction process gave rise to unusually large values of magnetic entropy
change (9.9 J/kg K for µ0ΔH = 5T).
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Figure 4.4: (a) Comparison of temperature-dependent entropy change in bulk and thinfilm La0.7Ca0.3MnO3 samples under an applied field change of 5T. (b) The refrigerant
capacity as a function of applied magnetic field.
The decline in the peak |

| from the bulk sample to the thin-film sample

(approximately one-third of the bulk value) is consistent with the fall-off in the
magnitude of magnetic moment and the broadening of the FM-PM transition that reduces
⁄

.
Figure 4.4 (b) shows the field-dependence of the refrigerant capacity (RC). The

RC, given by

∫

( )

, where T1 and T2 are the temperatures defining the full

width at half maximum, is a measure of the heat exchanged between the hot and cold
ends of an ideal refrigeration cycle. The RC is considered to be an important figure of
merit in the evaluation of a magnetocaloric material. It has been observed on a number of
occasions that the reduced maximum value of |

| that often accompanies broad

magnetic entropy change peaks can be compensated for by the increased width, resulting
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in an enhanced RC over sharper transitions [13]. It can be seen that this scenario holds
true in the present case, where the RC reaches its largest values in the thin-film, for which
the breadth of the transition overcomes the deleterious effects of the drop in
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Figure 4.5: H/M vs. M2 for bulk and thin-film La0.7Ca0.3MnO3
In general, the order of the magnetic phase transition is determined via the
Banerjee criterion, which using the Landau-Lifshitz theory of first-order transitions [14],
a negative slope in the H/M vs. M2 plot is of first-order, otherwise the transition is
second-order (fig 4.5). The Banerjee criterion has been implemented for a wide variety of
materials, however, controversial reports have emerged for DyCo2 [15]. The first-order
nature of the transition in DyCo2 is not obvious using the Banerjee criterion, due to the
small size of the discontinuity in the first derivative of the free energy. This results in
only positive slopes of the H/M vs. M2 isotherms, leading to the false classification of a
second-order transition. A new criterion for determining the order of a transition has
recently been proposed based on a re-scaling of entropy change curves [16].
Universal behavior manifested in the collapse of ΔSM (T) curves after a scaling
procedure has been established for materials undergoing an SOMT, such as that
described in Chapter 3 of this dissertation.
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Figure 4.6: Universal curve calculations as described in the text for the polycrystalline
bulk (a), and thin-film (b) forms of La0.7Ca0.3MnO3.
However, the scaling assumptions that underlie this behavior break down when applied to
an FOMT, and the expected collapse of the modified

( ) curves fails. As a

consequence, whether or not collapse is achieved, the universal curve method can be
applied as a method of distinguishing first and second order magnetic transitions. Figure
4.6 compares the universal curve constructions for each sample by plotting the
normalized entropy change (ΔS') against a reduced temperature (θ), where ΔS'= ΔSM /
Δ

is the re-scaled entropy change and θ is the temperature variable defined by:
(
{

(

Here the reference temperatures
∆

(

)

)⁄(
)⁄(
and

)
)

.

are chosen such that ∆

(

)

⁄ . In Fig. 4.6 (a), the divergence of the curves is clear in the

polycrystalline compound, particularly above the TC. In the thin-film there is a clear
collapse of the curves below TC, which is consistent with an SOMT. We note that there is
not perfect agreement of the data above TC, however a check of the Arrott plot
constructions confirms the second order nature of the transition in the thin-film. This
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suggests that T<TC is the essential region for collapse when applying this criterion. The
presence of quenched disorder is known to force fluctuation-driven FOMTs to become
continuous [17], and this appears to be the case in the thin-film sample.
4.4

Conclusions
The magnetic and magnetocaloric properties of bulk polycrystalline and thin-film

samples of the CMR manganite LCMO were investigated to observe the effects of
reduced dimensionality in the system. Broadened transitions, along with reduced Curie
temperature, magnetic moment, and magnetic entropy change were observed in the
nanocrystalline and thin-film samples. Even though the thin-film exhibited vastly
different properties, there was a minor increase in the RC. The FOMT in bulk LCMO is
converted to a SOMT in the thin-film. In the next chapter the role of Sr-doping on the Asite of La0.7Ca0.3-xSrxMnO3 will be discussed.
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CHAPTER 5.
INFLUENCE OF Sr DOPING ON THE MAGNETIC TRANSITIONS AND
CRITICAL BEHAVIOR OF La0.7Ca0.3−xSrxMnO3 (x = 0, 0.05, 0.1, 0.2, AND 0.25)
SINGLE CRYSTALS

This chapter presents a comprehensive study of the ferromagnetic phase
transitions and critical exponent trends near these transitions in La0.7Ca0.3-xSrxMnO3 (x =
0, 0.05, 0.1, 0.2 and 0.25) single crystals. Based on the H/M vs. M2 analyses and using
Banerjee criterion, we demonstrate a transition from the discontinuous FOMT to the
continuous SOMT at x∼0.1. The critical analyses, based on the magnetic data using the
Kouvel–Fisher method, affirm that x∼0.1 is a tri-critical point that separates the FOMT
for x < 0.1 from the SOMT for x > 0.1. Above the tri-critical point (i.e. x ≥ 0.2), the
system exhibits a SOMT with the critical exponents ( = 0.36±0.01, = 1.22±0.01)
belonging to the Heisenberg universality class ( = 0.365±0.003,  = 1.336±0.004) with
short-range exchange interactions. This indicates that the magnetic interaction in these
manganites is of a short-range nature. Our results and analyses reveal that while the DE
mechanism and formation of ferromagnetic clusters can account for the canonical MR
and metal-like conductivity in La0.7Ca0.3−xSrxMnO3 with x = 0.2 and 0.25, other effects
such as cooperative Jahn–Teller (JT) distortions and antiferromagnetic (AFM) coupling
are important additions for understanding the nature of the ferromagnetic transition, the
MI transition and CMR in La0.7Ca0.3−xSrxMnO3 with x = 0, 0.05 and 0.1. Our studies
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provide physical insights into the relationship between the ferromagnetism and
conductivity in doped manganites.
5.1

Introduction
In perovskite manganites, the choice of A-site (A = rare-earth, alkaline earth)

dopants has been shown to control an effective one-electron bandwidth (W), which in
turn governs the magnetic and magneto-transport properties of the materials [1-7]. The
metallic FM state in doped manganites has been widely interpreted in the context of the
DE mechanism; as a magnetic field is applied to the material, the local t2g spins are
forced to align, thus reducing spin scattering (i.e. resistivity decreases). The transfer
integral that dictates the strength of the DE interaction depends on the angle between
these local spins, thus linking ferromagnetism and metallicity. The DE theory provides a
good description of the metallic FM state in large bandwidth manganites such as
La0.7Sr0.3MnO3 [8]. However, it is not sufficient to explain the features of the MI
transition and CMR observed in La0.7Ca0.3MnO3 [3] and other narrow bandwidth
manganites in which collective JT distortions and AFM interactions coexist and compete
with the ferromagnetic phase. Indeed, experimental studies have revealed that the
occurrence of the MI transition and CMR in La0.7Ca0.3MnO3 results mainly from the
combination of the DE interaction between Mn3+ and Mn4+ ions and a strong JT effect [3,
9]. This system has been found to undergo a discontinuous FOMT at TC [10, 11], and the
first-order nature of the transition is associated with a strong electron-phonon coupling
and/or an intrinsic inhomogeneity in the material that gives rise to competing coexisting
ground states [12, 13]. Meanwhile, the La0.7Sr0.3MnO3 system (which is free from JT
lattice distortions) has been found to undergo a continuous SOMT and exhibit a canonical
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MR behavior.[3, 14] From a crystallographic standpoint, we note that La0.7Ca0.3MnO3
crystallizes in an orthorhombic (Pbnm) structure, whereas La0.7Sr0.3MnO3 possesses a
rhombohedral (R3c) structure [15-17].
One way to stabilize intermediate phases bridging the two systems is cosubstitution of both Sr and Ca in the lattice. The substitution of large Sr2+ ions for smaller
Ca2+ ions in La0.7Ca0.3−xSrxMnO3 (0≤x≤0.3) manganites leads to a structural change from
the orthorhombic to rhombohedral structure which consequently induces a change in the
physical properties of the materials.[3, 15, 17] Notably, Tomioka et al.[3] reported that
with increasing Sr content, the sharp MI transition and CMR behavior for La0.7Ca0.3MnO3
(x = 0) were transformed to the metallic state and exhibited canonical MR behavior for
La0.7Sr0.3MnO3 (x = 0.3). However, the physical origin of the observed phenomena is still
not fully understood. Particularly, the mechanism of a metal-like conductivity in the PM
region in La0.7Ca0.3−xSrxMnO3 compounds with x > 0.1 remains an open question [3]. In
addition, it is unclear how the magnetic interactions are renormalized near the PM–FM
transition range and what universality class governs the PM–FM transitions in these
systems.
To address these important issues, we have conducted a comprehensive study of
the FM phase transitions and critical exponents near these transitions in La0.7Ca0.3xSrxMnO3

(x = 0, 0.05, 0.1, 0.2 and 0.25) single crystals. The samples were provided by

Professor Nan Hwi Hur group at Sogang University, South Korea.
5.2

Experiment
Single crystals of La0.7Ca0.3−xSrxMnO3 (x = 0, 0.05, 0.1, 0.2, 0.25) were prepared by

the floating-zone method using an infrared radiation convergence-type image furnace that
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consist of four mirrors and halogen lamps; details of the growth conditions can be found
elsewhere.[18] The starting polycrystalline ceramic feed rods were obtained from the
solid-state reaction of a stoichiometric mixture of La2O3, CaCO3, SrCO3 and MnCO3
were ground, pelletized, and calcined at 1000 °C for 20 h. Sintering was carried out in air
at 1300 °C for 80 h with intermediate regrinding. The feed rod was treated at 1300 °C for
20 h in air. The crystal growth apparatus (Crystal Systems Inc.) is an infrared radiation
convergence type image furnace that consists of four mirrors and four halogen lamps.
The input power for the halogen lamp is 1000 W. The temperature of the image furnace
was measured by detecting blackbody radiation of a graphite rod with a pyrometer. X-ray
diffraction (XRD) data and electron-probe microanalysis confirmed the quality of the
crystals. The XRD analyses indicated that the crystal structure is orthorhombic for x = 0,
0.05 and 0.1 compositions and is rhombohedral for x = 0.2 and 0.25 compositions. These
results are fully consistent with those reported in previous works. [15-17]
5.3

Results and Discussion
Figure 5.1 shows the temperature dependence of magnetization taken at an applied

field of 5 kOe for the La0.7Ca0.3−xSrxMnO3 (x=0, 0.05, 0.1 and 0.25) samples. It is
observed in Figure. 5.1 that all of the samples undergo a PM–FM transition and this
transition broadens gradually with increasing Sr doping. The TC of each sample, defined
by the minimum in dM/dT, are plotted as a function of Sr-doping, as shown in the inset of
Figure. 5.1. In connection with the crystal structure of the samples, one can see clearly in
the inset of Figure. 5.1 that with increasing Sr doping, the TC increases at a rate faster in
the orthorhombic phase (x = 0, 0.05 and 0.1) than in the rhombohedral phase (x = 0.2 and
0.25). The boundary line between these two crystalline phases is taken at x = 0.15, which
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corresponds to a tolerance factor t = 0.92 as determined from previous studies [3, 17, 19].
It has been noted in doped manganites that cooperative JT distortions are present in the
orthorhombic phase but are not allowed due to the higher symmetry of the MnO6
octahedra in the rhombohedral phase [20-22].
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Figure 5.1: Temperature dependence of magnetization taken at 5 kOe. Inset shows the
dependence of the Curie temperature (TC) on the Sr-doped content. The boundary line
between the orthorhombic (Pbnm) and rhombohedral (R3c) phases is taken at x = 0.15.
From [44]
This leads to a general expectation in the present case that the JT effect is significant in
La0.7Ca0.3−xSrxMnO3 with x = 0, 0.05 and 0.1 but is negligible in La0.7Ca0.3−xSrxMnO3 with
x = 0.2 and 0.25. Since JT distortions decrease and the Mn–O–Mn bond angle increases
(and W increases) with Sr doping, the DE interaction is strengthened and the metallic FM
state is stabilized in the samples with larger Sr doping [3, 15]. This clearly explains the
increase of TC with increasing Sr doping (see Figure. 5.1). This also explains a faster
increase in the rate of TC with Sr addition in the orthorhombic phase than in the
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rhombohedral phase (see the inset of Figure. 5.1). To determine the order of the magnetic
phase transition in the La0.7Ca0.3−xSrxMnO3 (x = 0, 0.05, 0.1, 0.2 and 0.25) samples, we
have analyzed H/M vs. M2 curves (which were constructed from the isothermal M(H)
data) using Banerjee criterion [23], the results of which are presented in Figure. 5.2.
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Figure 5.2: The H/M vs. M2 plots for representative temperatures around the TC for the
La0.7Ca0.3−xSrxMnO3 (x = 0, 0.05, 0.1 and 0.2) samples. From [44]
According to this criterion, the magnetic transition is of the second-order if all of
the H/M vs. M2 curves have a uniformly positive slope [24]. On the other hand, if some of
the H/M vs. M2 curves shows a negative slope at some point, the transition is of firstorder [24, 25]. It can be observed in Figure. 5.2 that the H/M vs. M2 curves of the x = 0
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and 0.05 samples show a negative slope at T > TC, indicating a FOMT for these samples.
However, the H/M vs. M2 curves of the x = 0.1, 0.2 and 0.25 samples have only positive
slopes, implying that these samples belong to the class of SOMT materials. Nevertheless,
a closer examination of the H/M vs. M2 curves at low magnetic fields for x = 0.1 reveals
that this sample is not a purely SOMT material and some degree of FOMT may be still
present in the material. It has been noted, in chapter 4, that a precise determination of the
type of magnetic transition using the Banerjee criterion becomes difficult when the
magnetic transition is a mixture of FOMT and SOMT [26]. Our study shows that the Sr
doping in La0.7Ca0.3−xSrxMnO3 (x = 0, 0.05, 0.1, 0.2 and 0.25) suppresses the FOMT but
favors a SOMT and a FOMT to SOMT transition occurs at x∼0.1. A similar trend has
been reported on polycrystalline La2/3(Ca1−xSrx)1/3MnO3 (x = 0, 0.05, 0.15 and 0.3)
manganites [22-24].
Figure. 5.3 shows the A–N plots of the La0.7Ca0.3−xSrxMnO3 (x = 0.1, 0.2 and
0.25) samples with optimized critical exponents ( and ) obtained from the K–F method.
Figure. 5.4 shows the K–F plot for one representative sample (x = 0.2). The best fits yield
the values of TC = 289 K,  = 0.26 ± 0.01 and  = 1.06 ± 0.02 for the x = 0.1 sample; TC =
326 K,  = 0.36 ± 0.01 and  = 1.22 ± 0.01 for the x = 0.2 sample; TC = 344 K,  = 0.42 ±
0.02 and  = 1.14 ± 0.05 for the x = 0.25 sample. Using the Widom scaling relationship
[27],  +  =, the critical exponent () is determined to be 5.1 ± 0.2, 4.4 ± 0.2 and 3.7 ±
0.2 for x = 0.1, 0.2 and 0.25 compositions, respectively. This relationship has been tested
by plotting M(T = TC) versus H/() =H1/ and checking the linearity of the curve as
shown in Figure. 5.5. The reliability of the obtained exponents and Curie temperatures
can also be ascertained by checking the scaling of the magnetization curves.
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Figure 5.3: Modified Arrott plot isotherms with 1K temperature interval for the
La0.7Ca0.3-xSrxMnO3 (x=0.1, 0.2 and 0.25) samples. From [44].
According to Eq. (3.21), if the appropriate values for the critical exponents and for the TC
are used, the plot of M/H1/ versus ε/H1/ should correspond to a universal curve onto
which all experimental data points collapse. Two different constructions have been used
in this work, both based on the scaling equation of state discussed in chapter 3.2.1.
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(3.15) and (3.16), respectively. From [44].
Alternatively, Eq. (3.22) indicates that M/|ε| versus H/|ε| should result in two
universal curves, one for ε > 0 (T > TC) and the other for ε < 0 (T < TC). For a more
convenient visualization of the results, this plot is usually represented in logarithmic
scale. However, this second representation tends to cover the small deviations of the
experimental data with respect to the universal curves caused by an inappropriate choice
of the parameters. Using the values of  and TC obtained from the K–F method, the
scaled data are plotted in Figure. 5.6 for the x = 0.1 and 0.2 samples, respectively. In the
case of scaling using Eq. (3.22), it can be observed that all of the experimental points fall
on two curves, one for T < TC and the other for T > TC. This clearly indicates that the
obtained values of  and TC for these samples are reliable and in agreement with the
scaling hypothesis. A less perfect overlap of the data points has been observed for the x =
0.1 sample in comparison with the x = 0.2 sample (see Figure. 5.6a and b). This agrees
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with our previous observation (Figure. 5.2c) and argument that this sample is not a purely
SOMT material and some degree of FOMT is still present in it.
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Figure 5.5: The linearity of the M(T = TC) versus H =H curves validates the
value of the critical exponents. From [44].

It has been argued that in homogeneously magnetic systems the universality class
of the magnetic phase transition should depend on the range of the exchange interaction,
J(r) [28]. If J(r) decays with distance (r) at a rate faster than r−5 then the Heisenberg
exponents ( = 0.365 ± 0.003,  = 1.336 ± 0.004) are valid for a 3D isotropic ferromagnet
[29]. However, if J(r) decays at a rate slower than r−4.5 then the mean-field exponents (
= 0.5,  =1) are valid. According to the DE theory, the effective FM interaction is driven
by the kinetics of the electrons which favor extended states. Therefore, one could expect
the critical exponents in the DE model to be described within the framework of the meanfield theory [30, 31]. However, computational studies have demonstrated that the critical
exponents in the DE model are consistent with those expected for the 3D Heisenberg
model [32]. It has also been theoretically shown that PM–FM transitions may become
discontinuous, depending on doping level and competition with superexchange AFM
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interactions [33]. The values of the critical exponents of La0.7Ca0.3−xSrxMnO3 (x = 0.1, 0.2
and 0.25) samples are in agreement with those predicted by the latter models. [32, 33] It
is clear that the critical exponents of the x = 0.1 sample ( = 0.26 ± 0.01,  = 1.06 ± 0.02)
match well with those derived from the tricritical mean-field model ( = 0.25,  = 1). The
existence of this tricritical point (x∼0.1) clearly sets a boundary between FOMT (x < 0.1)
and SOMT (x > 0.1) within the range of compositions under study (0≤ x ≤0.25). A similar
case has also been reported on La1−xCaxMnO3 (0.2≤ x ≤0.5) polycrystalline manganites,
where the tricritical point is found at x∼0.4 [29].
To further confirm that the PM–FM transition becomes a conventional SOMT
above the tricritical point, the critical exponents of the samples with x > 0.1 are expected
to match those predicted for the 3D Heisenberg model [34]. The values of the critical
exponents of the x = 0.2 sample ( = 0.36 ± 0.01,  = 1.22 ± 0.01) are close to those
expected for the 3D Heisenberg model ( = 0.365 ± 0.003,  = 1.336 ± 0.004). For the x =
0.25 sample, the value of  = 0.42 ± 0.02 is relatively larger than that expected for the 3D
Heisenberg model ( = 0.365 ± 0.003) but is consistent with that of La0.7Sr0.3MnO3 ( =
0.45±0.02) reported previously by Ziese[35] and Taran et al.[36] using the Arrott-Noakes
method and by Lofland et al. [14], using microwave absorption methods.
The critical exponent of the x = 0.25 sample ( = 1.14 ± 0.05) is smaller than that
of the x = 0.2 sample ( = 1.22±0.01). It has been argued that for a true SOMT the critical
exponents are independent of the microscopic details of a system due to the divergence of
correlation length and correlation time close to a transition point and hence their values
are almost the same for a transition that may occur in different physical systems [37].
However, one must note secondary effects on the PM–FM transition (hence on the
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critical exponents) of a system due to magnetic anisotropies or dipolar long-range
couplings of FM clusters [38-41]. It has been pointed out that a Mn-ion triplet containing
an Mn3+–Mn4+–Mn3+ cluster has significant binding energy of about half the binding
energy of the bulk [42].
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The large spin moments of these FM clusters are expected to enhance the dipole–dipole
interaction in the case of the 3D Heisenberg model thus resulting in larger values of the
critical exponents than those predicted by this model [36, 42]. Recently, magnetization
and electron paramagnetic resonance (EPR) studies have revealed that FM clusters
persisting, even in the paramagnetic region, have significant influence on the magnetic

59

order parameters (i.e. the critical exponents) in doped manganites, such as Pr0.5Sr0.5MnO3
which will be discussed in great detail in the following chapter.
In the case of La0.7Ca0.3−xSrxMnO3 (x = 0.1, 0.2 and 0.25) samples, the x = 0.1
composition is in the crossover region of FOMT→SOMT. A crossover in the MI
transition is also observed in this composition (for x < 0.1 the MI transition is well
defined, but is largely suppressed and instead a metal-like conductivity is observed in the
PM region for x > 0.1) [3]. This concurrence clearly demonstrates a coherent correlation
between the magnetism and conductivity in the doped manganites. Furthermore, we note
the nonlinearity of the modified Arrott plots (Figure. 5.3), signaling the presence of FM
clusters in the La0.7Ca0.3−xSrxMnO3 samples. Therefore, it can be proposed that it is the
formation of FM clusters that leads to a percolation mechanism for conduction and
metallic behaviors observed at T > TC in the PM region for the x = 0.2 and 0.25 samples.
A recent study has shown that the PM–FM transition of a (Sm0.7Nd0.3)0.52Sr0.48MnO3
manganite transforms from a FOMT to a SOMT when subjected to an external pressure
[43]. It has been argued that the presence of external pressure at a certain level can
suppress the polaronic state, increase the bandwidth of the system, and as a result the
FOMT converts to SOMT [43]. In the case of La0.7Ca0.3−xSrxMnO3 (x = 0, 0.05, 0.1, 0.2
and 0.25) manganites, we argue that the substitution of large Sr2+ ions (<rA>∼1.31Ǻ ) for
smaller Ca2+ ions (<rA>∼1.18Ǻ ) introduces chemical (internal) pressure without
affecting the valency of the Mn ions (the ratio of Mn3+/Mn4+ is unchanged i.e. there is no
change of electronic density) [16, 17]. It has been shown that the chemical pressure
modifies local structural parameters such as the Mn–O bond distance and Mn–O–Mn
bond angle, which directly influence the probability of electron hopping between Mn ions
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[1, 3, 16, 17]. Therefore, the change of internal pressure with Sr addition is expected to
increase W which consequently increases the TC and converts the FOMT into SOMT at a
threshold pressure (which corresponds to a Sr-doping level, x = 0.1). Above the critical
point (x > 0.1), the system shows a SOMT with the critical exponents belonging to the
Heisenberg universality class. The change in nature of the PM–FM transition with
chemical (internal) pressure (Sr doping) clearly points to a strong coupling between the
magnetic order parameter and lattice strain in these doped manganites [43].
Furthermore, the theory predicts that the PM–FM transition of La1−xMxMnO3 (M=
Ca, Sr) becomes continuous or discontinuous, depending upon the change in the relative
strength of the DE interaction (i.e. the FM interaction) and AFM coupling [33]. In the
present study, we note that the ground state of La0.7Ca0.3MnO3 (x = 0) is FM, but the
AFM phase is also present and competing with the FM phase [12, 13]. The substitution of
Sr for Ca in La0.7Ca0.3−xSrxMnO3 (x = 0, 0.05, 0.1, 0.2 and 0.25) suppresses the AFM
tendency and enhances the FM phase. As a result, the PM–FM transition changes from
discontinuous to continuous at x∼0.1. In addition, we recall that strong JT lattice
distortions are possible in the x = 0, 0.05 and 0.1 samples that crystallize in an
orthorhombic structure, whereas this effect is negligible in the x = 0.2 and 0.25 samples
possessing a rhombohedral structure. These important observations, coupled with the
magnetic, magnetotransport and critical exponent analyses, clearly suggest that in
addition to the DE interaction, cooperative JT effects and AFM coupling are important
ingredients for assessing the nature of the FM transition and the MI transition including
CMR in La0.7Ca0.3−xSrxMnO3 (x = 0, 0.05 and 0.1) manganites. While the DE model is
sufficient to explain the canonical MR behavior in La0.7Ca0.3−xSrxMnO3 (x = 0.2 and 0.25)
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samples where AFM interactions are weak and JT lattice distortions are negligible, the
formation of FM clusters likely leads to a percolation mechanism for the conduction and
metallic behavior observed in the PM region for these samples.
5.4

Conclusions
The FM phase transitions and critical behavior of La0.7Ca0.3−xSrxMnO3 (x = 0,

0.05, 0.1, 0.2 and 0.25) single crystals have been studied systematically. Using the
Banerjee criterion and Kouvel–Fisher method, we show that x∼0.1 is a tricritical point
that separates a FOMT for x < 0.1 from a SOMT for x > 0.1. Above the tricritical point,
the system exhibits a SOMT with critical exponents belonging to the Heisenberg
universality class with short-range exchange interactions. The change of the PM–FM
transition with chemical (internal) pressure introduced by substitution of larger Sr ions
for smaller Ca ions points to the strong coupling between the magnetic order and
structural parameters in these doped manganites.
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CHAPTER 6.
MAGNETIC TRANSITIONS, MAGNETOCALORIC EFFECT, MAGNETIC
ANISOTROPY, CRITICAL EXPONENTS AND THEIR CORRELATIONS IN
Pr0.5Sr0.5MnO3

In the previous chapter, we discussed the influence on the nature of the
paramagnetic (PM) to ferromagnetic (FM) transition on Sr doping in the La0.7Ca0.3xSrxMnO3

system. However, by changing the doping concentration from the ideal (in

terms of stabilized FM-metallic nature) x=1/3, to x=1/2 (where there are an equal number
of Mn3+ and Mn4+ ions) there are new phases that arise in addition to FM ordering,
namely antiferromagnetic (AFM) order, charge/orbital ordering (CO/OO), and in some
cases phase-separation i.e. competition among all aforementioned states.
In this chapter, we present systematic studies of the influence of a first-order
magnetic transition (FOMT) and a second-order magnetic transition (SOMT) on the
MCE and RC of charge-ordered (CO) Pr0.5Sr0.5MnO3 (PSMO). Our results reveal that
while the FOMT at TCO induces a larger MCE, it is restricted to a narrow temperature
range resulting in a smaller RC. The SOMT at TC induces a smaller MCE but with a
distribution over a broader temperature range, thus resulting in a larger RC. In addition,
hysteretic losses associated with the FOMT are very large below TCO and, therefore,
detrimental to the RC, whereas these effects are very small or negligible below TC due to
the nature of the SOMT.
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In addition to the existence of deleterious magnetic and thermal effects on RC, the
Maxwell relation used to calculate SM is suspect due to the discontinuous nature of a
first-order transition. Because PSMO exhibits two fundamentally different transitions,
well-separated in temperature, we were able to deconvolute the two transitions, therefore
allowing the critical analyses of the SOMT in order to understand the type of magnetic
order and interactions of the FM phase in PSMO. The results obtained reveal the
existence of a short-range ferromagnetic order at T < TC and the presence of
ferromagnetic clusters in the paramagnetic region (T > TC).
To probe the magnetic anisotropy and its correlations with the MCE and critical
exponents in this material, transverse susceptibility measurements were performed. These
experiments reveal an abrupt change in magnetic anisotropy field (HK) at the FM to AFM
transition (TCO ~150 K), which is associated with a simultaneous structural phase
transition from tetragonal to orthorhombic symmetry. This provides evidence of strong
coupling between the magnetism and the lattice in Pr0.5Sr0.5MnO3. The data also clearly
indicate the presence of HK in both the PM and AFM states, pointing to the importance of
the d(x2-y2)-type orbital order and the orbital-order-induced intrinsic phase separation in
the A-type AFM. The polycrystalline sample was synthesized using standard solid-state
reaction method and provided by Professor Christopher Leighton at the University of
Minnesota.
6.1

Introduction
As we discussed in Chapter 3, the refrigerant capacity (RC) is considered to be

the most important factor for assessing the usefulness of a magnetic refrigerant material
[1-3]. The RC depends not only on the magnitude of ∆SM, but also on the temperature
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dependence of ∆SM (e.g. the full width at half maximum of the ∆SM(T) peak) [1, 3]. A
good magnetic refrigerant material with large RC requires both a large magnitude of ∆SM
as well as a broad ∆SM(T) curve. Most previous studies on charge-ordered manganites [49] were focused mainly on exploring large MCE (large magnitudes of ∆SM) around TCO
and did not consider the issues of refrigerant capacity and hysteretic losses in detail.
Thus, from fundamental and practical perspectives, it is essential to understand the
influence of the nature of magnetic phase transitions on both the MCE and RC in these
materials.
We also note that although the use of the Maxwell relation has been validated
over the years for determining SM of SOMT materials [1, 10], its applicability to FOMT
materials still remains under debate [11-18]. Gschneidner, Jr. et al.[11] calculated the
SM of Gd5Ge2Si2 from M(H) measurements using the Maxwell relation and showed its
excellent agreement with that calculated from the heat capacity (C) data. However,
Giguere et al. [19] later argued that the use of the Maxwell relation overestimated the
value of SM for this FOMT compound and suggested an alternative approach using the
Clausius-Clapeyron equation. In a recent study, Liu et al. [20] have shown that the use of
the Maxwell relation yields huge “spike” peaks of SM in the FOMT compounds MnAs,
Mn1-xFexAs, and La0.7Pr0.3Fe11.5Si1.5, in which both PM and FM phases coexist in the
vicinity of TC. Those authors proposed an alternative “geometric” solution for removing
these spurious SM peaks. De Oliveira and von Ranke have reformulated the Maxwell
relation showing its limitation for the calculation of SM in FOMT materials. Having
theoretically studied the effect of magnetic irreversibility on estimating the SM from
M(H) measurements, J.S. Amaral and V.S. Amaral argue that the spurious SM peaks
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arise mainly from the presence of magnetic irreversibility or a mixed-phase regime that is
not considered in the Maxwell relation [21]. In this case, the authors suggest that if the
Landau theory or the mean field model is applied to experimental (nonequilirium) data
then the equilibrium M(H) curves can be estimated and the true value of SM can be
consequently obtained [21, 22]. Very recently, Cui et al. [23] have proposed a simple
modification to the Maxwell relation by taking into account the mass variations in FM
and PM phases on temperature in the two-phase region for MnAsCx, (Mn,Al)As, and
Mn0.994Fe0.004As compounds, which in effect eliminates the unphysical SM peaks. While
previous studies were focused mainly on magnetocaloric materials with a first-order PMFM transition [13, 19-24], an interesting question emerges regarding the validity of using
the Maxwell relation for calculation of SM in magnetocaloric materials with a first-order
FM-AFM transition.
Furthermore, it has been noted that there exists a static d(x2-y2)-type orbital order,
which mediates the FM coupling within the OO planes while favoring the AFM coupling
perpendicular to the OO planes, thus resulting in an overall A-type AFM spin state in
PSMO [25-29]. This implies that OO-induced magnetic anisotropy could play an
important role in the magnetism of the material. Indeed, torque magnetization and
electron paramagnetic resonance (EPR) studies have recently revealed strong OOinduced magnetic anisotropy in the FM state, and the signature of magnetic anisotropy
detected in the PM and AFM state suggests FM clusters persisting within these states
[28]. Despite the light this study could shed on the phase separation problem, a clear
understanding of the magnetic anisotropy and its correlations with the magnetic entropy
and critical exponents in this material is lacking.
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In order to address the outstanding issues we have conducted a systematic study
of the magnetism, MCE and TS of PSMO. Our results clear-up some of the discrepancies
on the nature of first- and second-order phase transitions and their influences on the MCE
and highlight the important role of magnetic anisotropy and its correlations with the MCE
and critical exponents in mixed phase manganite systems like PSMO.
6.2

Experiment
Polycrystalline samples of Pr0.5Sr0.5MnO3 were fabricated from Pr2O3, SrCO3, and

MnO using standard solid-state reaction methods. The starting powders were thoroughly
ground and then reacted in air for 10 days at 1500 °C with several intermediate grindings.
The reacted powders were then cold pressed into disks of 1.5 mm thickness and sintered
in air for 1 day at 1500 °C. The final sintered samples were slow cooled over a period of
40 h to room temperature. Temperature-dependent X-ray diffraction (XRD)
measurements were performed on the sample over a wide temperature range of 100 to
300 K. The XRD patterns reveal a structural transition from the tetragonal (I4/mcm) to
orthorhombic (Fmmm) symmetry. This result is consistent with what was reported
previously for the same composition [30, 31].
6.3

Results and Discussion

6.3.1

Influence of first- and second-order magnetic phase transitions on the
magnetocaloric effect and refrigerant capacity of Pr0.5Sr0.5MnO3

Figure 6.1 shows the temperature dependence of magnetization (M(T)) taken at a
field of 0.05T. It can be observed that the PSMO system undergoes a SOMT from the PM
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to FM state at TC ~250 K followed by a FOMT from the FM charge-disordered to AFM
CO state at TCO ~152 K.

Pr0.5Sr0.5MnO3

M (emu/g)

60

ZFC
FC

40

FM

AFM

PM

20

0
0

50

100 150 200 250 300

T (K)
Figure 6.1: Temperature dependence of zero-field cooled (ZFC) and field-cooled (FC)
magnetizations taken at a field of 0.05 T.

To investigate the effect of magnetic field on the SOMT and FOMT, M(T) curves
were measured in different magnetic fields (µ0H = 1 T, 2 T, 3 T, 4 T, and 5 T), the results
of which are displayed in Figure 6.2. It can be observed that the SOMT at TC continues to
broaden as the magnetic field is increased, whereas the FOMT at TCO remains reasonably
sharp even at fields of up to 5 T due to the strong coupling between the magnetism and
the lattice in the vicinity of the TCO [32]. Due to the sharp change in the M(T) we expect
to observe a very large MCE in the FOMT region.

73

Figure 6.2: Temperature dependence of magnetization taken at different magnetic fields
up to 5T [49].

In order to evaluate the MCE, the isothermal magnetization curves of the sample
were measured with a field step of 0.05 T in a range of 0-5 T and a temperature interval
of 3 K in a range of temperatures around the TC and around the TCO. Such families of
M(H) curves are shown in Figure 6.3(a) and (b), respectively. As expected from Figure
6.1, there is a more drastic change of the magnetization around the TCO (see Figure
6.3(b)) than around the TC (see Figure 6.3(a)), indicating a larger magnetic entropy
change in the vicinity of the TCO. It is worth mentioning here that around the TCO the
sample shows S-shape magnetization, which is typical for metamagnetic materials[33]. It
is believed that the metamagnetism arises mainly from the coexistence of the competing
AFM/CO and FM phases and the collapse of the AFM/CO state that occurs in the
presence of an applied magnetic field [32].
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Figure 6.3: Isothermal magnetization curves taken at different fixed temperatures
between 65 and 300 K for the Pr0.5Sr0.5MnO3 manganite: (a) around TC and (b) around
TCO [49].
Figure 6.4 shows the temperature dependence of SM calculated using the
Maxwell relation at different magnetic fields ranging from 0.15 T to 5 T. It can be
observed that the Pr0.5Sr0.5MnO3 system exhibits large magnetic entropy changes around
the TC and around the TCO. As expected from the M(T) and M(H) data, the SM around
the TCO is much larger than that around the TC. For µ0ΔH = 5 T, the magnitude of ∆SM (7.5 J/kg K) at the TCO is about twice that (3.2 J/kg K) at the TC. We note from Figure 6.4
that the large ∆SM peak around the TCO is concentrated in a narrow temperature range,
whereas the ∆SM peak around the TC is spread over a broader temperature range raising
the possibility of an enhanced RC.
We have calculated the RC for both cases around the TC and around the TCO using
the method described in Chapter 3.2, and plotted the results as a function of magnetic
field in Figure 6.5. It can be observed that in both cases the RC increases with the applied
magnetic field. An important fact to be emphasized here is that the magnitude of RC is
larger around the TC than around the TCO for µ0H < 3.7 T, which belongs to the magnetic
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field range useful for practical use of magnetic refrigerators. As shown previously in Ref.
[1], in the same refrigeration cycle, a material with higher RC is preferred, because it
would support transport of a greater amount of heat in a real refrigeration cycle.

Figure 6.4: Temperature dependence of magnetic entropy change (−SM) at different
applied fields up to 5 T [49].

Therefore, for the case of Pr0.5Sr0.5MnO3, a larger value of RC around the TC indicates
that magnetic refrigeration in the vicinity of the TC is more effective than that around the
TCO.
Furthermore, we recall that hysteretic losses (magnetic and thermal hysteresis) are
often involved in FOMT [33]. Because these hysteretic losses are the costs in energy to
make one cycle of the magnetic field, they must be considered when calculating the
usefulness of a magnetic refrigerant material being subjected to cyclic fields [2].
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Figure 6.5: Magnetic field dependence of RC for the cases around TC and TCO (without
and with subtracted hysteretic losses). The inset shows the magnetic field dependence of
magnetization taken at 150 K (below TCO) and at 180 K (below TC).
To evaluate possible hysteretic losses involved in the magnetic phase transitions
in Pr0.5Sr0.5MnO3, we measured the M(H) loops at temperatures around the TC and the
TCO. The inset of Fig 6.5 shows, for example, the M(H) curves measured at 180 K (below
TC) and at 150 K (below TCO). It can be seen that the hysteretic losses (the area mapped
out by the increasing and decreasing field curves) are very large below the TCO, whereas
they are very small or negligible below the TC. To be precise, we have subtracted the
average hysteretic losses from the RC values calculated without considering hysteretic
losses. For comparison, the RC obtained after subtracting the average hysteretic losses for
the case around the TCO are also included in Figure 6.5. In the range of magnetic fields
investigated, the superiority of the RC around the TC is even more pronounced after
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accounting for hysteresis around the TCO. This clearly indicates that the hysteretic losses
involved in a FOMT significantly reduce the RC and are, therefore, undesirable for use in
a real magnetic refrigeration cycle.
An important fact that emerges from the present study is that the comparison of
MCE among magnetocaloric materials [34] by considering the magnitude of SM only is
inadequate. Instead, a proper estimation should be made with the use of RC, with
attention paid to the fact that magnetic hysteresis losses must be estimated and subtracted
from the RC calculation. In addition, this comparison should be made only in the same
temperature range. From a device standpoint, it is believed that not only FOMT materials
but also SOMT materials are promising candidates for active magnetic refrigeration
applications. Some SOMT materials with zero hysteretic losses are even more
advantageous. An example of this is Gd – the best magnetic refrigerant candidate
material to date for practical use in sub-room-temperature magnetic refrigerators [35].
Considering the fact that SOMT materials with a large magnetic entropy change over a
broad temperature range usually possess large refrigerant capacity [35, 36], it would be
worthwhile to search for enhanced RC in materials that undergo multiple magnetic phase
transitions [9, 37, 38]. From this perspective, the MCE research in magnetic
nanocomposites with a SOMT may be of great interest [37].
We now turn our focus to the complete description of the SOMT near TC in
PSMO, including the critical exponents and equation of state, based on analyses of the
family of SM curves. As previously noted in Chapter 3, only two critical exponents (n
and ) of the SOMT are independent. We have used the non-iterative procedure to obtain
the other related critical exponents (,  , and  ) using the following relationships:
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  1  n Δ  Δ;   1  n  2; 1/   1/ Δ  n  1

(6.1)

In order to obtain the critical exponent n as outlined in Eq. 3.20, the experimental
ΔS Mpk

values

normalized

to

their

corresponding

maximum

values,

 s=ΔSMpk ( H ) / ΔSMpk ( H f ) , have been fitted as a power law of the magnetic field H in the
whole experimental magnetic field range. The fitting yields a value of the critical
exponent n = 0.670, as presented in Figure 6.6(a). Alternatively, the reference
temperature  r  (Tr  TC ) / TC ,
(

)⁄

( )

Tr  TC

where

is

chosen

such

that

, is also expected to show a power law dependence on H

with the exponent equal to Δ. This fitting, as shown in Figure 6.6(b), yields a value of the
gap exponent   1.835 ( 1/   0.545 ). In this fitting procedure magnetic fields higher
than 1.4 T have been used, to ensure technical saturation.
In order to validate the reliability of the critical exponents obtained according to
this procedure, the temperature and field dependence of the normalized magnetization
and isothermal susceptibility (mt, mh and jh respectively) has been plotted versus the
renormalized temperature, t, and field, h, respectively.
Figure 6.7 shows the dimensionless mt* vs. t*, Ln(mh*) vs. Ln(h*) and Figure 6.8
shows Ln(jh*)-1 vs. Ln(h*) representations, where mt*, mh*, jh*, t*, and h* are the
corresponding dimensionless magnitudes obtained according to the relationship x*=x/xo,
where x=mt, mh, jh, t, h, and xo is in the units of x. It can be observed that the experimental
data fall on the same curve,  in the mt* vs. t* representation (Figure 6.7(a)), and on the
two curves f+ (for T>TC) and f (T<TC) in the Ln(mh*) vs. Ln(h*) representation (Figure
6.7(b)).
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Figure 6.6: Determination of the critical exponents n (panel a) and Δ (panel b) after
fitting of δs and εr, respectively, as a power law of the reduced magnetic field H/Hf.
This fact indicates that the obtained values of the critical exponents,  = 0.394 and  =
4.651, of PSMO are reliable. These values are close to those reported previously by A. K.
Pramanik and A. Banerjee for the same composition [29].
By combining Eqs. (3.21) and (3.22), it is possible to find relationships between
the critical amplitudes M(0,1) and M(1,0), and the values of the temperature and field
scaling functions for ·(t=0) and f·(h=0), respectively:
M (0,1)   (0) ,

(6.2)

f  (0)  0; f  (0)  M ( 1,0) ,

(6.3)
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as has been presented in Figs. 6.7(a) and 6.7(b), M  0,1  32.264 emu g1 T1/ and
M (1,0)  98.962 emu g1, respectively.
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Figure 6.7: Dimensionless renormalized temperature t* and field h* dependence of
the dimensionless temperature renormalized magnetization mt* (a), of the
dimensionless field renormalized magnetization mh* (b in logarithmic scales)
Additionally, taking into account the value of the critical exponent  = 1.440, the
representation Ln(jh*)-1 vs. Ln(h*) has been plotted in Figure 6.8 showing that the
experimental data fall on two curves g+ (for T>TC) and g (T<TC), which gives further
evidence of the validity of the fitting procedure used to obtain the critical exponents.
Similarly, by combining the equation jh=g(h) and Eq. (3.19) it is possible to obtain the
relationships between the critical amplitudes 0 (1,0) and 0 ( 1,0) , and the values of the
field scaling functions for g  h  0 :

g (0)  o (1,0); g (0)  o ( 1,0) ,
as has been presented in Figure 6.8, 0 1,0  1.716 T emu1 g. In Figs. 6.7(b) and 6.8 it
can be seen that the asymptotic (or critical) values of mh* and jh* evolve as power-law of
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(6.4)

field with critical exponents 1 /  (according to Eq. (3.18)) and   




, respectively. To

achieve as much information about the FM state as possible we need to separate the two
transitions.
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Figure 6.8: Inverse of the dimensionless isothermal susceptibility jh*.

In order to be able to de-convolute the ﬁeld- and temperature-dependent M SO T , H 
curves of the SOMT, subsequently used to obtain their deconvoluted ΔSMSO T , H 
curves, the Arrott–Noakes equation of state (ANEOS) has been used [39]:
1/

H
 
M 

 a (T  TC )  bM 1/  ,

(6.5)

where the parameters a and b are related to the critical amplitudes of the isothermal initial
susceptibility ( 0 (1,0) ), the spontaneous magnetization ( M (1,0) ), and critical
magnetization (M(0,1)), along with the critical exponents (, , and ) and Curie
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temperature (TC). These relationships can be obtained using Eqs. (3.17), (3.18), (3.19)
and (6.5), according to:

a

o (1,0) 1/
TC

,

b  M (0,1) / ,

a

M ( 1,0)1/  b
,
TC

(6.6)

(6.7)

(6.8)

Recently, it has been shown that the ANEOS is able to reproduce the universal
curve σ for amorphous alloys [18], and also allows predicting of the shape of the ΔSM
curves [40] when the parameters a and b have been obtained from nonlinear fit of the
experimental data, and the critical exponents β and γ from the Kouvel–Fisher iterative
method. Using Eq. (6.5) with the directly obtained parameters a = 6.055 10-3 emu1/ g1/
K1 T1/ , and b = 1.343 10-5 emu/(·) g/(·) T1/ predicted by the universal behaviors, the
critical exponents  and , and the TC value, the thermomagnetic response of the
deconvoluted SOMT in the magnetic field range up to a value of 0 H f  5 T in 10 mT
increments, and in the temperature range from 30 K to 400 K in 0.1 K increments, has
been simulated. To compare with the experimental data, the corresponding simulated data
have been presented with solid lines in Figure 6.9 (a-c). Good agreement between the
experimental and simulated data has been found, which indicates that the ANEOS can be
used to represent the thermomagnetic response of manganites in the vicinity of their TC.
Figure 6.9(c) shows the deconvoluted magnetocaloric response of the SOMT,
ΔSMSO T , H  , when the ANEOS is used [18, 40].
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in (c) are fits to the data via the ANEOS.

We have found good agreement between the experimental and simulated data in the
vicinity of TC, but a noticeable discrepancy for T << TC. This discrepancy likely arises
from the coexistence of AFM and FM phases that are present in the material below the
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TC. It is also worth noting that for small field changes ( 0H  1 T ) the experimentally
calculated value of ΔSMSO T , H  is considerably smaller than the theoretically calculated
ΔSMSO T , H  , but becomes equal for large field changes ( 0H  5 T ). This can be

attributed to the presence of ferromagnetic clusters [28, 41, 42] and their influence on the
magnetic entropy change and critical exponents near the SOMT in PSMO. We propose
that for small applied magnetic fields, the magnetic field response of magnetization is
weak in materials exhibiting FM clusters thus resulting in a small change in magnetic
entropy, while for large applied magnetic fields, all of the magnetic moments are aligned
with the magnetic field resulting in the overall change in magnetic entropy that is close to
the theoretically predicted value. This explains the small values of ΔSMSO T , H  reported
for magnetocaloric materials with FM clusters present [43].
The experimentally measured  0 (solid symbol ), along with the predictions
offered by Eq. (2.19) (open symbol ○) or by Eq. (3.4) as 0  a  T  TC 



(lines), are

presented in Figure 6.10(a). The discrepancy between the experimental and theoretical
data is due to the upward deviation of 0 (T ) above TC,
This deviation once again suggests the existence of FM correlations/clusters in this
compound above TC. This observation has consequences for the critical behavior of the
system and consequently the equation of state. The effects of this FM interaction above
TC can be taken into account either if a temperature dependence of the parameter a(T) of
the ANEOS is introduced, or if an effective critical exponent, ef, is defined. Figure
6.10(b) presents the temperature dependence of the critical exponent  ef (T ) obtained
numerically, demonstrating its tendency towards a constant value of ·=1.440, as
85

temperature increases as a result of the disappearance of the FM clusters and their
interactions.
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Figure 6.10: (a) Temperature dependence above TC of the inverse of the experimental
isothermal initial susceptibility  0 (solid symbol *), along with the ones offered by Eq.
(6) (open symbol ○) and Eq. (15) (lines). (b) Temperature dependence above TC of the
critical exponent  ef (T ) (solid symbol) and the value of ·=1.440 presented in the sample
when the FM clusters and their interactions have disappeared above 300 K (dashed line).
6.3.2

Magnetic Anisotropy and Magnetization Dynamics in Pr0.5Sr0.5MnO3

In order in confirm these results we have also studied the temperature dependence
of effective magnetic anisotropy field (HK, a measure of ferromagnetic correlations) by
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using the radio-frequency transverse susceptibility (TS). The HK has been found to persist
in the temperature range TC < T < 300 K, suggesting the existence of FM correlations or
FM clusters in the PM regime and their disappearance above 300 K, which is fully
consistent with the critical analysis and discussions presented above.
As discussed in the introduction, we expect the magnetic anisotropy to provide
considerable additional information on the magnetic interactions in PSMO. Figure 6.11
(a) shows an example of the TS profile of PSMO taken at 160 K. The change in T with
DC magnetic field (Hdc) is expressed from equation (3.28). The plot represents a unique
uni-polar field sweep from positive (+5 kOe) to negative (-5 kOe) fields. As expected,
two symmetric, broad peaks are seen in the scans at the anisotropy fields (HK), while the
sharp peak corresponds to the switching field (HS). Figure 6.11(b) displays a 3D plot of
the magnetic field and temperature dependence of the change in TS for unipolar field
sweeps from positive (+5 kOe) to negative (-5 kOe) fields. It is observed that there are
remarkable changes in peak location (HK) and peak height ([∆/]max) with temperature
(T) at the PM-FM and FM-AFM transition regions.
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Figure 6.11: An example of unipolar transverse susceptibility scan of Pr0.5Sr0.5MnO3 (a).
3-D Unipolar scans of transverse susceptibility as a function of magnetic field and
temperature (b).
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To better illustrate these, the temperature dependence of HK, HS, and [∆/]max
are depicted in Figure 6.12. As one can see clearly in Figure 6.12(a), there is a strong
change in HK in the vicinity of the FM-AFM transition and finite values of HK are
detected over a wide temperature range, even above the TC (in the PM region) and below
the TCO (in the AFM region). To understand this dependence, we recall that the crystal
structure of PSMO favors a Jahn-Teller (JT) distortion that likely induces the d(x2-y2)type orbital order even in the PM state. It has been shown that in the PM region, the
dynamic spin fluctuations are anisotropic due to the polarization of the d(x2-y2)-type
orbital [27, 28]. Below TC, the PSMO system enters the FM state with an enhanced lattice
distortion, resulting in the change of the polarization of the orbital state. Therefore, we
attribute the persistence of magnetic anisotropy in the PM range (Figure 6.12(a)) to the
anisotropic spin fluctuations resulting from the polarization of the d(x2-y2)-type orbital.
This is fully consistent with the previous observation based on torque magnetization and
EPR [42], suggesting that the existence of FM clusters in the PM region originates from
the d(x2-y2)-type orbital order. It is likely that the existence of FM clusters in the vicinity
of the PM-FM transition (the role of magnetic anisotropy) governs the critical exponents
of Pr0.5Sr0.5MnO3 [31]. In this case, the change in shape and size of FM clusters above
and below the TC is expected to reduce the effective dimensionality of spin interaction
(D<3). This may provide some important clues for understanding the unusual critical
behaviors reported in a large class of doped manganites [44-46].
With further decrease in temperature from the TC, the HK first increases sharply at
190 K, reaches a maximum at ~150 K (TCO), decreases sharply at ~ 135 K, and finally
decreases gradually at lower temperatures. Based on previous neutron scattering studies
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[27, 28], the AFM spin correlations are known to develop between orbital-ordered planes
in the FM state and progressively increase below 190 K yielding a weak parasitic A-type
AFM order before the system undergoes a first-order transition at TCO to the pure AFM
phase [27, 28].Therefore, we can attribute the sharp increase in HK at ~190 K to the
progressive development of the AFM phase that may result in the formation of highly
anisotropic FM clusters, while the sharp decrease in HK at ~135 K arises mainly from the
strong decrease of the volume fraction of the FM phase. We recall that a structural
transition from tetragonal to orthorhombic symmetry occurs at the TCO in PSMO [31].
The strong variation of HK coupled with the structural change at the TN clearly suggests a
strong coupling between the magnetism and the lattice in this material. The strong
coupling between the structure and magnetic anisotropy has also been studied in
Pr0.5Sr0.5CoO3, which will be discussed in chapter 8.
As shown in Figure 6.12(a), HK increases in the FM region but decreases in the
AFM region with lowering temperature. The temperature dependence of HS (Figure
6.12(b)) also reveals a remarkable variation around the TCO, where the structural
transition has been documented [31]. This observation once again points to the strong
coupling between the magnetism and the lattice in PSMO. The HS is found to increase
with decreasing temperature in both FM and AFM regions.
As one can see clearly in Figure 6.12(c), [∆]max is small and almost constant
in the AFM range (T < TCO). This is consistent with the small permeability of the AFM
phase. It is worth noting from Figure 6.12(c) that there is a sharp increase in [∆]max
at the TCO, which is associated with the increase in magnetic permeability (µ). In the
temperature range of TCO ≤ T ≤ TC, [∆]max increases rapidly with increasing
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temperature, as a result of the strong increase in ∆µ. At T ~ TC, a drop in [∆]max is
observed, which is associated with the PM-FM transition. In the PM range, [∆]max is
expected to be zero [29, 47].
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Figure 6.12: Temperature dependence of effective anisotropy field (HK), switching field
(HS), and peak height of transverse susceptibility curves ([T/T]max)
However, the non-zero value of [∆]max for Pr0.5Sr0.5MnO3 is retained until T =
300 K (see Figure 6.12(c)). This fully agrees with the temperature dependence of HK and
HS, supporting our argument that FM clusters persist at temperatures above the TC in
PSMO. Finally, we show that the TS is also useful for probing metamagnetic transitions
in PSMO. As one can see clearly in Figure 6.13, a composite plot of the TS and M(H)
data taken at 140 K, the PSMO system is converted from the AFM to the FM state as the
applied magnetic field is increased.
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Figure 6.13: Unipolar transverse susceptibility and first magnetization with respect to
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Here, HC1 corresponds to a critical field at which the AFM state begins
transforming into the FM state and HC2 corresponds to the critical field at which the AFM
state fully converts into the FM one.The clear coincidence between the [∆] and
M(H) data demonstrates the ability of this technique for probing magnetic phase
conversion in metamagnetic systems [48].
6.4

Conclusions
We have demonstrated the usefulness of MCE and TS in studying complex phase

transitions and the magnetic anisotropy in half-doped manganites such as Pr0.5Sr0.5MnO3.
First, we have studied the influence of first- and second-order magnetic phase transitions
on the magnetocaloric effect and refrigerant capacity of charge-ordered Pr0.5Sr0.5MnO3. It
is shown that the first-order magnetic transition at TCO induces a larger MCE but confines
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the peak in a narrower temperature limiting the value of RC, while the second-order
magnetic transition at TC induces a smaller maximum MCE over a broader temperature
range resulting in larger RC. Hysteretic losses accompanying the first-order magnetic
transition are very large below TCO and therefore detrimental to the RC, whereas they are
very small or negligible below TC due to the nature of the SOMT. The Maxwell relation,
and non-iterative critical analysis methods have been used to characterize the MCE and
the nature of phase transitions in phase-separated manganites of Pr0.5Sr0.5MnO3. We show
that around the second-order PM-FM transition the SM can be precisely determined from
magnetization measurements using the Maxwell relation, but around the first-order FMAFM transition the values of SM are overestimated by the Maxwell relation in the
magnetic field range where a conversion between the AFM and FM phases occurs. The
presence of AFM and FM phase coexistence as well as FM clusters has a significant
impact on the MCE and critical exponents near the SOMT in phase-separated materials.
With TS it is evidenced that there is an abrupt change in magnetic anisotropy at the FMAFM transition, which is associated with the structural phase transition that occurs at the
same temperature. This is clear indication of the strong coupling between the magnetism
and the lattice in Pr0.5Sr0.5MnO3.
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CHAPTER 7.
PROBING MULTIPLE MAGNETIC TRANSITIONS AND PHASE
COEXISTENCE IN La5/8−xPrxCa3/8MnO3 (x = 0.275) SINGLE CRYSTALS

In the previous chapters, we have demonstrated the versatility of MCE and TS as
useful tools for studying phase transitions of various origins, however, these probes can
also be utilized to study interesting phenomena such as phase separation. In this chapter,
we will show how the multiple magnetic transitions, phase coexistence, and kinetic arrest
of microscale phase-separated La5/8−xPrxCa3/8MnO3 (LPCMO) manganites are probed by
the MCE and TS techniques. Bulk LPCMO is comprised of micron-sized regions of
ferromagnetic (FM), paramagnetic (PM), and charge-ordered (CO) phases. TS and MCE
experiments have evidenced the dominance of low-temperature FM and high-temperature
CO phases. The “dynamic” strain liquid state is strongly dependent on magnetic field,
while the “frozen” strain-glass state is almost magnetic field independent. In combination
with

magnetic,

magneto-transport,

and

magnetic

force

microscopy

(MFM)

measurements, MCE studies provide solid evidence that the sharp change in the
magnetization, electrical resistivity, and magnetic entropy just below the Curie
temperature (TC)occur via the growth of FM domains already present in the material even
in zero magnetic field. The subtle balance of coexisting phases and kinetic arrest are also
probed by MCE and TS experiments, leading to a new and more comprehensive magnetic
phase diagram.
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7.1 Introduction
La5/8−xPrxCa3/8MnO3 (LPCMO) is a mixture of La5/8Ca3/8MnO3 (x = 0) and
Pr5/8Ca3/8MnO3 (x = 5/8) exhibiting low-temperature ferromagnetic metallic (FMM) and
charge-ordered insulating (COI) ground states, respectively. In this system, the
substitution of smaller Pr ions for larger La ions reduces bandwidth (W), thus leading to
micrometer scale phase separation with multiple phases coexisting in the material [1, 2].
It has been argued that in the presence of quenched disorder induced by the ions of
different radii, the similarity of the free energies leads to the coexistence of the
competing FMM and COI phases [3, 4]. If this is the case, the phase separation should be
static because the phase boundaries are pinned by the disorder sites. However,
experimental studies have revealed that these phase boundaries are not fully pinned in
LPCMO [2, 5-10], and hence the inherent coexistence of the FMM and COI phases at the
micron length scale is inconsistent with the notion of a charge-segregation type of phase
separation [11-13]. It has been suggested that the different crystal structures of the FMM
and COI phases generate long-range strain interactions leading to an intrinsic variation in
elastic energy landscape, which in turn leads to phase separation (PS) in the strain-liquid
and strain-glass regimes [5, 9, 10, 14]. It has also been suggested that phase separated
regions strongly interact with each other via martensitic accommodation strain, which
leads to a cooperative freezing of the combined charge/spin/ strain degrees of freedom [2,
8]. As a result, LPCMO undergoes a transition from the strain-liquid state to the strain
glass state. Since the strain-liquid state shows large fluctuations in resistivity [8, 9] and
can easily be transformed into a metallic state by applying an external field [5, 10], it is
considered a “dynamic” PS. In contrast, effect of electric field is negligible on the frozen
99

strain-glass state thus classifying it as a “static” PS [5, 10]. Despite a number of previous
works [8, 14, 15], the effect of magnetic field on the strain-liquid and strain-glass states
has not been studied in detail. Another emerging issue, still under debate, is the
underlying origin of the sharp increase in the magnetization below TC in the strain-liquid
region. Two different mechanisms have been proposed for interpreting this observation
[1, 5, 6, 8, 10, 14]. In the first scenario, it is proposed that with lowering temperature, the
COI state is spontaneously destabilized to the FMM phase giving rise to a coexistence of
these two phases, and the sharp increase of the magnetization below TC is due to the
melting of the COI state [8, 14]. This is similar to the case of charge-ordered
R0.5Sr0.5MnO3 (R=La, Pr, and Nd) manganites [11, 16, 17]. In the second scenario, it has
been suggested that the increase in magnetization occurs via the growth of FMM domain
regions that are already present in the material even in zero magnetic field [1, 5, 6, 10].
To shed light on these important unresolved issues, it is essential to employ two
experimental methods that allow detailed investigations of the temperature and magnetic
field responses of the different phases. In this study, we use our ideally suited MCE and
TS experiments for this purpose. Our studies were performed on La5/8−xPrxCa3/8MnO3 (x
= 0.275) single crystals, which were grown in an optical floating-zone furnace and
provided by Professor Sang-Wook Cheong at Rutgers University [7, 18].
7.2 Results and Discussion
7.2.1 Phase Coexistence and Magnetocaloric Effect
Figure 7.1 shows the zero-field-cooled (ZFC) and field-cooled (FC)
magnetization curves taken at 10 mT applied field with the data recorded while warming
up. It is observed that the LPCMO system undergoes multiple magnetic transitions. A
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peak at TCO ~ 205 K is due to the COI transition [8], and a shoulder at a lower
temperature of about 175 K arises from antiferromagnetic (AFM) ordering [14]. As T is
further decreased, the magnetization sharply increases and an FMM transition is observed
at TC ~ 90 K. A drop in magnetization is observed at Tg ~ 30 K, below which the system
enters the frozen strain-glass state from the dynamic strain-liquid state [2, 8, 14, 19]. It
has been shown that Tg is actually the re-entrant COI transition temperature [2, 8].
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Figure 7.1: Zero-field-cooled and field cooled M(T) with 10mT applied field, measured
on warming [24].

The MCE measurement process for LPCMO is slightly different than the previous
samples; it appears that large magnetic irreversibility occurs just below TCO, due to the
coexistence of the FMM and COI phases. Therefore, we measured the M(H) curves using
the following measurement protocol to eliminate any influence from the hysteresis.
Before conducting any M(H) measurements at temperatures below TCO, the sample was
cooled in zero magnetic field from above TCO. At each temperature, the magnetization
was measured as the magnetic field was continuously swept from 0 to 6 T (labeled the
101

virgin M(H) curve); then from 6 T to 0 (labeled the return M(H) curve); and finally from
0 to 6 T (labeled the second M(H) curve). The M(H) data were taken first at 300 K and
subsequently at lower temperatures following the same measurement protocol.
Figure 7.2 shows the M(H) data at selected temperatures with the “virgin,”
“return,” and “second” curves labeled. These data clearly indicate large field hysteresis in
LPCMO. It is worth noting that for T = 75 K, a reversible magnetization is observed as
the applied magnetic field is cycled (i.e., the second M(H) curves coincide with the virgin
M(H) curves). However, for T < 75 K the second M(H) curves do not coincide with the
virgin M(H) curves but coincide with the return M(H) curves below 65 K. Identical
curves are then observed for subsequent field cycles. To capture these intriguing features
from the perspective of MCE, we have calculated the magnetic entropy change from the
M(H) curves taken after completing one cycle of applied field (i.e., the second M(H)
curves). This helps avoid the hysteresis problem (discussed in section 3) when calculating
the magnetic entropy change of LPCMO using equation (1.3).
Figure 7.3 shows the temperature dependence of −SM for the magnetic field
change of 1.5 T and 6 T, respectively. As expected, −SM curves exhibit peaks around
TCO, TC, and Tg. The positive values of −SM around TC and the negative values of −SM
around TCO and Tg (at low applied fields, 0H < 2 T) are consistent with the LPCMO
undergoing the FM, CO and re-entrant CO transitions, respectively.
It is noted in Fig. 7.3 that the −SM has the largest variation at T ~ 75 K (in the
dynamic PS state), while it is comparatively very small at T < Tg (in the frozen PS state).
This indicates that the strain-liquid state is strongly affected by an applied magnetic field,
whereas the strain-glass state is relatively magnetic field independent.
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Figure 7.2: The M(H) curves for some selected temperatures. The arrows indicate the
2nd
way in which the virgin, return, and second magnetization
curves were measured [24].
In the strain-liquid region, the large variation of −SM (Fig. 7.3) is attributed to the
suppression of dynamic fluctuations (dynamic phase separation) in magnetic fields. The
large variation of −SM in the dynamic PS region (Fig. 7.3) can also be correlated with
the strong increase in the magnetization below TC (Fig. 7.1). The contribution to the
−SM results, in LPCMO, from the low-field magnetization change in the ferromagnetic
phase and the high-field magnetization change related to the fact that the field-induced
metamagnetic transition takes place in the AFM phase.
To clarify, if the strong increase in the magnetization below TC is attributed to the
destabilization of the COI phase [8, 14] or due to the enhancement of pre-existing FMM
domains in the material [1, 5, 6, 10], we plot in Fig. 7.4 the magnetic field dependencies
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of the maximum magnetic-entropy change (−SMmax) and the magnetization (M) at 75
K.It is observed in Fig. 7.4(a) that the −SMmax increases rapidly and quite linearly with
increasing H up to 2.6 T and then remains almost constant for H > 2.6 T. This
dependence of −SMmax(H) can be correlated with the M(H) dependence. We note that at
75 K the COI and FMM phases coexist and both of them are magnetic field dependent.

6.0T
1.5T

-SM (J/kg K)

9

6

TC

3
(+)

0
(-)

0

TN
TCO

Tg

50

100

150

200

250

300

T (K)
Figure 7.3: Temperature dependence of magnetic entropy change (−∆SM) for LPCMO
for the magnetic field change of 1.5 T and 6 T, respectively [24].
The change in the FMM phase can be achieved at a lower magnetic field while a
higher magnetic field is needed to change the COI phase. As extracted from the M(H)
curve (Fig. 7.4(b)), HS1 = 1.5 T is a critical magnetic field at which the COI phase starts
to convert into the FMM phase while HS2 = 2.6 T is a critical magnetic field at which the
COI phase converts fully into the FMM phase. Therefore it can be concluded that for H <
HS1 the −SMmax results solely from the variation of the magnetization in the FMM phase,
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since the applied magnetic field has a negligible effect on the COI phase. For HS1 < H <
HS2, however, the COI phase converts into the FMM phase, thus also contributing to
−SMmax. For H > HS2, the constancy of −SMmax can be attributed to the complete
conversion of the COI phase into the FMM phase. According to this, it is quite natural to
infer, at first glance, that the sharp increase of the magnetization below TC for LPCMO is
due to the destabilization of the COI phase [8, 14].
However, we note that a critical magnetic field needed to fully convert COI into
FMM is often very high for charge-ordered manganites (for example, at T~75 K, HS2 = 12
T for La1−xCaxMnO3 (x = 0.5) (Ref. [1]) and HS2 = 8–17 T for Pr1−xCaxMnO3 (0.3 < x <
0.5) (Ref. [15])). For the case of LPCMO, the volume fraction of the COI phase at 75 K
is large (69%) determined from the M(H) curve in Fig. 7.4(b) (using the same method
employed in Ref. [6]) and the application of a magnetic field of ~2.6 T is unlikely to be
strong enough to convert COI fully into FMM. This can also be reconciled with the fact
that at 75 K the −SMmax resulting from the variation of the magnetization in the FM
phase (~6.49 J/kg K) is about twice larger than that resulting from the COI→FMM
conversion (~2.44 J/kg K).
These findings clearly suggest that the sharp increase in the magnetization below
TC in LPCMO cannot be due to the destabilization of the COI phase [8, 14], but instead
can be attributed to the enhancement of the pre-existing FMM domain regions [1, 5-7,
10]. The hysteresis appearing below HS2 ~ 2.6 T is the result of the coexistence of the
COI and FMM phases, whereas the application of higher fields (H > 2.6 T) completely
suppresses the COI phase and as a result the FMM phase with no hysteresis is observed at
these magnetic fields.
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Figure 7.4: (a) Magnetic field dependence of maximum magnetic-entropy change
([−SM]max) for LPCMO at 75 K; (b) the magnetic hysteresis loop M(H) measured at 75K
[24].
Finally, we note that the subtle balance between the competing COI and FMM
phases in LPCMO is readily affected by applied magnetic field, and study of such a
balance can be of great importance in elucidating the physical origin of magnetic/electric
field-induced “colossal” effects [5, 9, 10]. Here, we show that the change in magnitude
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and sign of -SM can be an indicator of the intricate balance between the COI and FMM
phases as seen in the change in sign of -SMmax at 205 K (~TCO) as the applied magnetic
field is increased. As shown in Fig. 7.5(a), the -SMmax is negative and first increases in
magnitude with increasing H up to HC1~2.2 T, and then decreases and reaches zero at HC2
~3.1 T. For H > HC2, it is positive and increases gradually with increasing H up to HC3 ~
3.9 T and finally increases rapidly for H > HC3. Here HC1 = 2.2 T is a critical magnetic
field at which the COI phase starts to convert into the FMM phase, HC2 = 3.1 T is a
critical magnetic field at which the half of the COI phase converts into the FMM phase,
and HC3 = 3.9 T is a critical magnetic field at which the COI phase converts fully into the
FMM phase. The magnetic field dependence of -SMmax can be interpreted as follows. For
H < HC1, the applied magnetic field is not strong enough to convert the COI phase into
the FMM phase, so the negative -SMmax and its increase with H result from the
contribution of the COI phase. However, for HC1 < H < HC2, the positive contribution to SMmax from the FMM phase becomes significant because the COI phase is partially
converted into the FMM phase. Since the contribution from the FMM phase is opposite
to that from the COI phase, the sum of the two components lead to a decrease in
magnitude of the negative -SM with H in the range HC1 < H < HC2.
In other words, both the COI and FMM phases coexist but the COI phase is
dominant over the FMM phase, since the sign of -SM is negative. At H=HC2, the positive
and negative contributions to -SMmax from the COI and FMM phases are equal or
compensated and so -SMmax crosses zero. For HC2 < H < HC3, the COI phase is largely
converted into the FMM phase which now dominates over the COI phase leading to a
positive -SM. For H > HC3, the COI phase is fully converted into the FMM phase leading
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to a rapid increase in magnitude of positive -SM. The values of HC1, HC2, and HC3
coincide with the critical magnetic fields determined from the M(H) curve (see Fig.
7.5(b)).
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Figure 7.5: (a) Magnetic field dependence of maximum magnetic-entropy change
([−SM]max) for LPCMO at 205 K; (b) the magnetic hysteresis loop M(H), measured at
205 K [24].
The hysteresis seen in the M(H) curve between HC1 and HC3 (Figs. 7.2(b) and 7.5(b)) is
fully consistent with the coexistence of the COI and FMM phases as already revealed by
the MCE data (Fig. 7.5(a)). These results provide an important understanding of the
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physical origin of the magnetic/electric field induced “colossal” effects, including
colossal magnetoresistance and large magnetocaloric effects in mixed-phased manganites
[9, 20-22].
7.2.2 Transverse Susceptibility
To understand the magnetization dynamics of LPCMO we have also performed
TS measurements in these LPCMO (x=0.275) single crystals. Figure 7.6 (a-c) shows the
change in T as a function of applied DC field (HDC) below the TCO. As seen from the SM data (Fig. 7.2) there is no appreciable dependence of -SM on external field at
temperatures below Tg, due to the system being in the static PS regime. However, when
probing near (and above) TC (Fig. 7.6 (b-f)), in the dynamic PS region, we see the
emergence of a sharp drop in the TS data, associated with the conversion of COI to
FMM, as seen from M(H) and –SM(T) (Figs 7.4, 7.5). At T < TC, the shape of TS spectra
remains almost the same with no field hysteresis as the HDC is swept between +5T and 5T and vice versa, indicating a magnetic field-assisted kinetic arrest phenomenon as also
reported previously for Gd5Ge2 alloys [23]. It is worth noting that unlike the case of
Gd5Ge2, this kinetic arrest occurs just below TC in the LPCMO system. This finding
points to the important fact that the spin dynamics of the LPCMO system are frozen out
by the applied field even in the dynamic region, as the magnetic energy dominates over
the thermal and strain energies. As the temperature is increased further above TC, the drop
in TS occurs at higher values of HDC, signifying that LPCMO is in an increasingly stable
COI state above TC. It is noted that a largest field hysteresis (the area enclosed by the
increasing (blue) and decreasing (red) TS curves) is observed around 70 K, which is
associated with the perspective of the strongest phase separation that occurs in this
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temperature range. The field hysteresis is largely suppressed with increasing temperature,
which is consistent with the fact that the COI phase becomes dominant at the expense of
the FMM phase at high temperatures.
Having considered the variation in the magnetization dynamics of the LPCMO
system after the DC magnetic field is cycled, we plot in Fig. 7.7(a) the temperature
dependence of the switching fields (HS+ and HS-) associated with the conversion between
the COI and FMM phases on increasing and decreasing DC fields, leading to a more
accurate H-T phase diagram in the dynamic and static PS regions at temperatures below
TCO.
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Figure 7.6: (a-d): Bipolar TS scans below TC (a) and above TC (b-d).
It can be seen that below TC, after the material saturated, the COI phase is fully
suppressed and its dynamics are kinetically arrested. As a result, the material now
behaves as a soft ferromagnet irrespective of variation in applied field. As temperature
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is increased further, the emergence of two competing phases becomes more evident,
where the drastic drop in TT is mainly due to the growth of the FMM domains inside
the COI ones.
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Figure 7.7: New phase diagrams for LPCMO developed from TS vs. HDC (a) Positive
and negative switching field as a function of temperature. (b) Maximum change in TS at
HDC=0 as a function of temperature.
Probing even deeper insights into the temperature dependence of TS, we plot the
[TT]max at zero applied DC field (HDC = 0) (Fig. 7.7 (b)) and in so doing, realize a
new temperature dependent phase diagram for LPCMO. At high temperature [TT]max
~ 0, due to the small permeability in the PM region. On decreasing the temperature a
small increase in [TT]max is observed around TCO, signifying the beginning of the
dynamic PS region, where we begin to see FMM clusters forming in the COI region. The
curve dramatically increases to a maximum at TC, followed by a large drop off at Tg. The
dramatic increase below TCO is a signature of FMM domains nucleating in the sample,
followed by the large drop-off associated with the freezing of the PS region. The
strongest variation in [TT]max at T ~ TC reflects the fact that the most robust phase
separation occurs at this temperature. An important consequence that emerges from these
new TS phase diagrams is the absence of peaks associated with effective anisotropy
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fields (HK), which are often observed in conventional FM systems such as Pr0.5Sr0.5MnO3
(Chapter 6) and Pr0.5Sr0.5CoO3 (Chapter 8), indicating that the FMM phase is not
stabilized in the bulk form of LPCMO. In other words, the phase separation in the
LPCMO system is dynamic and the phase boundaries are not pinned by the disorder sites.
7.3 ConclusionsIn

summary,

systematic

magnetocaloric

measurements

on

La5/8−xPrxCa3/8MnO3 single crystals have revealed important insights into the complex
multiple-phase transitions. The system is ferromagnetic at low temperature and becomes
charge ordered at high temperature. The dynamic strain-liquid phase is strongly affected
by an applied magnetic field, whereas the frozen strain-glass phase is nearly magnetic
field independent. The origin of the large MCE in the strain-liquid region arises from the
suppression of dynamic fluctuations in magnetic fields. The MCE data clarify that the
sharp increase in the magnetization below TC may not be due to the destabilization of the
COI phase to the FMM phase, but favors the idea of the growth of pre-existing FMM
domain regions. TS experiments provide evidence for the instability of the FMM phase
and the unusual magnetic field-assisted kinetic arrest of the magnetization in this system.
Overall, MCE and TS have proven to be excellent probes of the magnetic transitions and
ground-state magnetic properties of phase-separated systems like LPCMO.
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CHAPTER 8.
MAGNETOCALORIC EFFECT AND TRANSVERSE SUSCEPTIBILITY OF Pr1xSrxCoO3

(x =0.3-0.5): IMPACT OF THE MAGNETOCRYSTALLINE
ANISOTROPY-DRIVEN PHASE TRANSITION

In this chapter we demonstrate that the TS can be used as a powerful probe of the
structurally coupled magnetocrystalline anisotropy in complex oxides like Pr0.5Sr0.5CoO3,
which undergoes a PM-FM phase transition at TC ~235 K followed by a structurally
coupled magnetocrystalline anisotropy transition at TA ~120 K. Our findings point to the
existence of a distinct class of phenomena in correlated materials due to the unique
interplay between structure and magnetic anisotropy. Since the structural change at the TA
in Pr0.5Sr0.5CoO3 is not associated with any magnetic transition, Pr0.5Sr0.5CoO3 provides
an excellent system for determining the structural entropy change and its contribution to
the MCE in magnetocaloric materials. Having systematically studied the influence of the
structurally coupled magnetocrystalline anisotropy transition on the MCE in Pr1-xSrxCoO3
(x = 0.3, 0.35, 0.4, and 0.5) compounds, we have demonstrated, for the first time, that the
structural entropy contributes significantly to the total entropy change and the structurally
coupled magnetocrystalline anisotropy plays a crucial role in tailoring the magnetocaloric
properties for active magnetic refrigeration technology [1]. Our study has shed light on
one of the most challenging issues in the research field of magnetocaloric materials.
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8.1 Introduction
Although relatively less studied than the manganites, cobaltites of the formula R1xMxCoO3

(R= Lanthanide, M = Alkaline-Earth) present interesting characteristics,

perhaps the most well-known example being the spin-state transition in LaCoO3 [2-4].
The presence of Co on the perovskite B-site leads to an additional spin-state degree of
freedom due to similar magnitudes of the crystal field and Hund’s rule exchange
energies. This, along with the significantly larger magnetocrystalline anisotropy, makes
the study of cobaltites intriguing, both for fundamental understanding as well as device
applications, for which manipulation of the anisotropy is desirable.
Half-doped Pr1-xSrxCoO3 (x=0.5) is known to exhibit particularly unusual
magnetic behavior that is not consistent with the phase behavior often seen in manganites
and other complex oxide systems [5-9]. This system undergoes a PM-FM phase transition
at TC ~235 K and a magnetic anomaly in the field-cooled magnetization versus
temperature profiles is observed at TA ~120 K. In order to understand this anomaly,
systematic studies were recently undertaken to rule out the phase transitions that are most
routinely associated with perovskites such as charge ordering, antiferromagnetic
ordering, ferrimagnetism, or spin-flip transitions [10].
It was conclusively shown that all of the observed behavior can be explained by a
ferromagnetic to ferromagnetic (FM-FM) transition resulting from a structural change
that drives a transition in the magnetocrystalline anisotropy. Because this FM-FM
transition is not seen in transport measurements, and traditional magnetometry
measurements provided minimal information on the nature of the magnetocrystalline
anisotropy, we show below that the TS measurement technique is extremely well-suited
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to explore this particular structure-driven magnetocrystalline anisotropy transition.
Furthermore, it has been noted that the largest MCEs are observed in materials exhibiting
a FOMT coupled with a crystal structure change [9].
Since the magnetic and structural changes are often coupled with each other, it is
challenging to decouple the structural entropy contribution from the magnetic entropy
contribution to the total MCE. Since the structural change at the TA in Pr0.5Sr0.5CoO3 is
not associated with any magnetic transition, Pr0.5Sr0.5CoO3 provides an excellent system
for determining the structural entropy change and its contribution to the MCE in
magnetocaloric materials. Our systematic study of the influence of the structurally
coupled magnetocrystalline anisotropy transition on the MCE in Pr1-xSrxCoO3 (x = 0.3,
0.35, 0.4, and 0.5) compounds has addressed this outstanding issue. The polycrystalline
samples were supplied by Professor Christopher Leighton from the University of
Minnesota.
8.2 Results and Discussion
8.2.1

Anomalous magnetism and Magnetocaloric effect in Pr1-xSrxCoO3 (0.3 ≤ x ≤
0.5)
Figure 8.1 shows the M(T) curves for PSCO with various substitution values

recorded while cooling under a high field (0H=5T). While cooling, there exists a sharp
increase in M signifying a second order PM to FM transition at TC ~190K, 200K, 220K,
230K or x=0.3, 0.35, 0.4, 0.5 respectively. However, for smaller cooling fields, (inset of
Fig. 8.1), there is an appearance of a second transition. While cooling we see first a large
increase in the magnetization at the TC, followed by a decrease (increase) in
magnetization at lower temperature (TA~120K) under cooling fields of less than (greater
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than) 750 Oe [3]. At cooling fields in which the magnetization is saturated, no anomaly is
observed in the M(T). Note that the decrease (increase) in magnetization upon cooling in
low (high) field is manifest as a gradual change in curvature starting at around TA and
persists well into the low temperature regime.
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Figure 8.1: Temperature dependence of the magnetization of Pr1−xSrxCoO3 (x=0.3, 0.35,
0.4, and 0.5) compounds when a magnetic field 0H=5 T is applied. Inset: Temperature
dependence of the magnetization at low field (0H=1 mT) and intermediate field
(0H=0.1T) in the x=0.5 sample.
The ~120 K transition has been attributed to a strong coupling between
structural/magnetocrystalline anisotropy [11]. Because of the structural transition that
occurs at TA there is a large change in the direction of the easy axis of magnetization. It
has been shown from previous work [11] that the sample exhibits no change in overall
crystal symmetry, or even any non-negligible change in unit cell volume, however, there
is a drastic change in the lattice parameters (a~+1.15% and b~-1.10%) [4, 12] near the
transition at TA. The structural transition is believed to be due to Pr-O hybridization [13].
When Lopez-Morales et.al. examined PrBa2Cu3O7-, the only rare-earth 1:2:3 system that
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is insulating rather than metallic or superconducting, they found that the unusual
tendency of Pr 4f–O 2p hybridization is the cause of the nonsuperconducting state. The
lack of change in crystal symmetry in PSCO is drastically different from what is observed
in materials with similar properties [14-16]. Also, since the two transitions are well
separated in T, PSCO provides a rare opportunity to study the effect of a structural
transition on the MCE.
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Figure 8.2: Field dependence, from 5 K to 320 K in 5 K increments, of the magnetization
of the polycrystalline Pr0.5Sr0.5CoO3 compounds. The magnetization curve is marked
(open symbol) at the Curie temperature of the sample TC (x = 0.5) =230 K.
Figure 8.2 shows the isothermal magnetization versus applied field (M(H)) as a
function of temperature for half-doped PSCO, used for calculating the SM. Since, the
equations used integrate between successive M(H) curves, the large gaps between
successive curve are associated with peaks in SM. The open symbols represent M(H) at
TC, interestingly, above TC, there appears to be a minor ferromagnetic signal attributed to
ferromagnetic clusters.
Figure 8.3, shows the calculated change in magnetic entropy for x = 0.3-0.5. The
first peak at high temperature at Tpk~190K, 200K, 220K, 230K for x = 0.30, x = 0.35, x =
120

0.40, x = 0.50, respectively, is associated with the PM to FM transition. However, for x =
0.4 and 0.5, we see a rather large change in entropy at lower temperatures TA~70K and
120K

for

x

=

0.4

and

0.5

respectively,

which

is

associated

with

the

structural/magnetocrystalline anisotropy transition. Interestingly, the samples that exhibit
the second peak also show an enhanced and broadened MCE at TC, suggesting that there
is a clear advantage to coupling between a magnetic and structural transition from the
perspective of achieving the maximum RC.
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Figure 8.3: Temperature dependence of the magnetic entropy change for 0H=5 T of the
Pr1−xSrxCoO3 (x = 0.3, 0.35, 0.4, and 0.5) compounds. Solid arrows indicate the
temperatures (TA) of the second phase transition that occurs at low temperature Inset:
Reduced temperature dependence of the magnetic entropy change near TC.
From Fig. 8.3 we can also see that, depending on the doping concentration, the main peak
can be shifted to lower (higher) temperatures, which is quite useful for industrial
applications of magnetic refrigeration. For the peak at TC the ΔSM taken at 5T remains
almost unchanged for x = 0.3 and 0.35 (1.41 J/kg K) but increases for x = 0.4 (1.67 J/kg
K) and for x = 0.5 (2.2 J/kg K). For the peak at TA, it increases from 0.29 J/kg K for x =
0.4 to 0.79 J/kg K for x = 0.5.
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According to the experimental results and theoretical validation [17-19], it can be
assumed that in a biphasic system the field dependence of ΔSM and RC follow power
laws of the field;

SM (T , H )  a(T ) H n1 (T ,H ) ,
(

)

(

)

,

(8.1)
(8.2)

where the exponent n1 depends, in general, on temperature and field, and its asymptotic
values are 1 and 2 when the values of temperature are quite far below and above TC,
respectively. The exponent n1 takes minimum values around the Curie temperatures of
the existing phases and an extreme value in the temperature range defined by the critical
temperatures of the constituent phases [20]. In a first approximation, this exponent can be
considered field independent at the temperature of TC and Tpk, and can be expressed in
terms of the critical exponents as [17] n1 (TC )  n1 (Tpk )  1  (1   ) / (    ) . On the
other hand, the exponent n2 that controls the field dependence of the RC is related to the
critical exponents by n2  1   / (    ) . Note that the exponents n1 and n2 are related
via the expression n2  n1  1 / (    ) .
Taking into in account that only two critical exponents are independent, all of
them can be calculated from n1 and n2. For instance, the critical exponents  and  can be
obtained according to



n2  1
2  n2
.
;  
n2  n 1
n2  n 1

(8.3)

The field dependence of S Mpk and RC has been presented in Figs. 8.4a,c for the
whole studied compositional range, indicating two different, well-defined behaviors for
the x=0.3 and x=0.35 single phase systems (approximately the same S Mpk and RC
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values), and for the x=0.4 and x=0.5 biphasic systems (for which those values are
different). As can be seen also in the inset of Fig. 8.3 for the single-phase systems
(approximately the same ΔSM(T) values) and for the biphasic systems (approximately the
same ΔSM(T-TC) values in the temperature range between the critical temperatures of the
two constituent phases).
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Figure 8.4: Field dependence of the maximum magnetic entropy change (a) and the
refrigerant capacity (c) in the studied polycrystalline Pr1−xSrxCoO3 (x=0.3, 0.35, 0.4, and
0.5) compounds. Dimensionless ﬁeld dependence of the dimensionless maximum
magnetic entropy change s (b), and dimensionless refrigerant capacity, rc (d). The noncollapse into two master curves indicates that the exponents n1 and n2 are composition
dependent.

In order to compare the field evolution of the experimental data presented in Fig.
8.4a-c, it would be necessary to eliminate the factors of Eqs. (8.1) and (8.2) that depend
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only on the composition and on the previously defined temperature span T (in this work

T=TFWHM for the whole composition range). By normalizing these expressions with the
values corresponding to the maximum applied field, dimensionless relationships can be
written for the different studied compositions [21].

s 

S Mpk ( H , x )
a ( x )  H n1
n1

n1  h
S Mpk ( H max , x ) a ( x )  H max

RC AREA ( T , H , x )
b( T , x )  H n2
n2
rc 

n2  h
RC AREA ( T , H max , x ) b( T , x )  H max

,

(8.4)

where h  H / H max . When the latter two power laws are plotted for the different
compositions (Figs. 8.4b,d), it can be seen that in general the exponents n1(x) and n2(x)
are composition dependent.
While Fig. 8.4(b) shows that the exponent n1 takes the values n1(x=0.3)=
n1(x=0.35)= n1(x=0.4)=0.76 and n1(x=0.5)=0.58, the Fig. 8.4(d)

indicates that the

exponent n2 varies slightly in the full series taking the values n2(x=0.3)=1.33,
n2(x=0.35)=1.31, n2(x=0.4)=1.24 and n2(x=0.5)=1.23. According to Eq. (8.3), this means
that the critical exponent  takes a value  = 0.54  0.05 close to that in the mean field
theory (MFT=0.5) for x=0.3, 0.35 and 0.4, and a value  = 0.358  0.001 close to that in
the Heisenberg model (H = 0.365  0.003) for x=0.5. These results reveal that the
magnetic interaction in the x=0.5 cobaltite is of short-range type. The smaller values of
the uncertainly for x=0.5 is due to the higher resolution of the field used for this
composition. On the other hand, the critical exponent  takes increasing values when the
doping increases  (x = 0.3) = 1.17  0.04,  (x = 0.35) = 1.25  0.04,  (x = 0.4) = 1.58 
0.04, and decreasing value for the half doped cobaltite  ( x = 0.5) = 1.178  0.003, very
similar to that of x=0.3.
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8.2.2

Transverse

susceptibility

as

a

probe

of

the

coupled

structural/magnetocrystalline anisotropy transition in Pr1-xSrxCoO3 (x = 0.5)
TS measurements were also performed on the Pr0.5Sr0.5CoO3 sample at a number
of temperatures to examine the temperature dependence of the anisotropic features across
TA. Figure 8.5 shows bipolar TS scans of Pr0.5Sr0.5CoO3 taken at four representative
temperatures: 20 K (8.5a), 95 K (8.5b), 110 K (8.5c), and 225 K (8.5d).

Figure 8.5: Bipolar transverse susceptibility scans of Pr0.5Sr0.5CoO3 as a function of
applied field for 20K (a), 95K (b), 110K (c), and 225K (d). On 8.5(a) the arrows indicate
the sequence of measurement; the anisotropy (Hk), crossover (Hcr), and switching (HS)
peaks are labeled [22].
The broader, high-field peaks seen on either side of μ0H=0, closest to saturation,
are the anisotropy peaks indicating the anisotropy fields, ±HK. The second peak observed
upon decreasing the field after positive saturation corresponds to the “crossover field”,
Hcr, which is defined as the field which separates the lower FC magnetization state from
the higher FC magnetization state for any given temperature occurring below TA, as
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described above. The third peak observed is the prominent switching peak, HS.Figure
8.6a shows the temperature evolution of the TS curves for phase FM1 and Fig. 8.6b
shows the temperature evolution of the TS curves for FM2. Unlike in Fig. 8.5, the
magnitude of the TS signal appears in arbitrary units so that all of the curves could be fit
onto either graph in a manner that still clearly shows the important features. The degree
to which the two phases differ in appearance is remarkable. Whereas FM1 has a very
well-defined +HK peak for all temperatures up to the transition, and displays the
crossover field peak, the FM2 curve is largely dominated by the intense switching peak.
The anisotropy peak appears much broader. We note here that while the TS experiments
reveal clear differences in anisotropy features between FM1 and FM2, this picture
remains slightly ambiguous in the M(T) and M(H) data.

Figure 8.6: Unipolar transverse susceptibility scans for several different temperatures
plotted on two plots depicting the two different ferromagnetic phases ((a) is FM1 and (b)
is FM2). The signal intensity appears in arbitrary units as some of the curves have been
shifted upward or downward for clarity [22].
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To better illustrate the difference in anisotropy features between the ferromagnetic
states FM1 (

) and FM2 (

), we have superimposed the TS curves for

each phase onto two separate plots. The relative appearance of the curves for FM1 and
FM2 is akin to the comparison of two different materials entirely, rather than the
comparison of two structural phases of the same material. This, once again, indicates that
the TS technique is more suitable for studying anisotropy-driven transitions.
Figure 8.7 (a) shows the anisotropy field (+HK) as a function of temperature
where it is conclusively demonstrated that at higher temperatures, Pr0.5Sr0.5CoO3 has a
higher magnetocrystalline anisotropy phase (the FM2 phase) than at lower temperatures
(FM1 phase). For lower temperatures (T < TA,) the anisotropy field decreases with
increasing temperature, which is typical of most magnetic systems as the thermal energy
begins to compete with the anisotropy energy of the system. The structural transition at
120 K then appears as a dramatic increase in the HK to values even higher than those seen
at the lowest temperatures (μ0HK ≈ 184 mT at 120 K versus ≈125 mT at 10 K). The sharp
change in HK at TA is a direct consequence of the coupled structural/magnetocrystalline
anisotropy transition. After reaching this maximum, HK then slowly decreases again until
TC, where it goes to zero. The decrease of HK with temperature for T < TA and for TA < T
< TC is fully consistent with the perspective that the Pr0.5Sr0.5CoO3 system undergoes a
transition from one FM state to another.
The switching field is tracked as a function of temperature in Fig. 8.7 (b). Its
shape closely follows that reported in reference [10] for both the coercivity and fraction
of irreversible magnetization as measured by the first order reversal curve method [2].
This is not surprising, as all three properties are direct consequences of irreversible
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hysteretic processes. At low temperatures, magnetization decreases rapidly until the
approach to TA where it experiences an uptick and a cusp at 120 K and then decreases
again until TC. While empirical data suggested this field should be around 75 mT, the
temperature dependence of this peak reveals that this crossover field is different for
different regions of the M(T) plots. Around the structural transition, the crossover field is
indeed measured by TS to be 75 mT.
Figure 8.7 (c) shows the evolution of the peak position associated with the
crossover field (Hcr) as a function of temperature. However, at lower temperatures, the
change in shape of the magnetization curves appears to occur at much lower fields,
around 20 mT, which then increases rapidly with temperature up to TA. It has already
been discussed that the presence of this peak lends insight to the crossover behavior
between the two types of anomalous M(T) curves.

Figure 8.7: Temperature dependence of the peaks positions in the transverse
susceptibility measurement. (a) Anisotropy field (+HK), (b) Switching field (HS), (c)
Crossover field (Hcr) [22].
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It has been noted that due to poor magnetic coupling between the grains at low
temperatures (T << TA), the initial susceptibility is smaller in the FM1 region than in the
FM2 regions [16]. In addition, the magnetization has been found to increase with
increasing temperature in the FM1 region below the crossover field. Therefore, the
increase of Hcr with temperature at T < TA revealed in the TS profile is as expected,
consistently pointing to thermally activated improvement in intergranular coupling in this
temperature range.
8.3 Conclusions
We have used the transverse susceptibility and magnetocaloric measurement
techniques to examine the anisotropic magnetic properties of Pr0.5Sr0.5CoO3, specifically
the structure-driven magnetocrystalline anisotropy transition at 120 K. By using these
techniques, we were able to show that the FM-FM phase transition is clearly manifested
in the evolution of the anisotropy and switching peaks with temperature. The welldocumented unusual M(T) behavior, dependent upon cooling field, is present in the TS as
well in the form of a sharp peak at the crossover field which disappears above TA. We
showed (figure 8.6) that the rotation of the easy axis can also be deduced by comparing
the signal intensity from two different measurement orientations where a crossover
behavior is observed. We also observed a relatively rare structural transition, which is not
coupled with a magnetic transition, using the magnetocaloric effect. Collectively these
findings show that transverse susceptibility and the magnetocaloric effect are very useful
tools for lending insight into the unusual magnetic behavior of doped perovskites.
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CHAPTER 9.
A COMPLEX MAGNETIC PHASE DIAGRAM AND MAGNETOCALORIC
EFFECT IN Ca3Co2O6 SINGLE CRYSTALS

In the previous chapters we have shown the usefulness of MCE for probing the
magnetic ground states, phase coexistence, and field-induced kinetic arrest phenomena in
phase-separated manganites. In this chapter, we demonstrate that it is also very useful for
probing the complex ground state magnetism of Ca3Co2O6 (CCO), which exhibits spin
frustration and intrinsic low dimensionality due to the formation of 1D spin chains. Our
MCE experiments have provided new insights into the nature of switching between
multi-states and competing interactions within spin chains, and between them, leading to
a more comprehensive magnetic phase diagram.
9.1 Introduction
Ca3Co2O6 (CCO) has received considerable interest over the past decades due to the
complex interplay among the magnetic, electronic and structural properties. The refined
neutron and X-Ray powder diffraction data have shown that the material crystallizes in
the rhombohedral space group R c[1]. CCO consists of face sharing CoO6 trigonal
prisms and CoO6 octahedra chains running along the c-axis with six nearest neighbor
chains, forming a triangular lattice in the ab plane and all separated by Ca atoms.
Intrachain Co-Co separation is 2.59Ǻ, while interchain Co-Co separation is roughly twice
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that, giving rise to large anisotropy and a quasi 1D structure. The Co ions in CCO are
found in the 3+ oxidation state, with alternating low-spin (LS) and high-spin (HS) states
for the octahedral and trigonal configurations, respectively [2]. Due to the nature of the
geometry, and the strong anisotropy of Co, CCO has long been considered to be an Isinglike material, where each chain can be represented by a single spin in a 2-D lattice.
However, recent theoretical predictions [3] and experimental results [4] show that this is
an oversimplified description; therefore a full 3-D picture is needed.
The origin of a broad feature above TN (centered around 100K) revealed by
calorimetric measurements [5] is currently under debate, and has been attributed to 1-D
magnetic ordering along the chains [6] or a spin-state transition, which is common for
this class of cobaltite materials [7]. Neutron diffraction studies have revealed long-range
magnetic ordering at TN ~ 25K; this is generally accepted as very strong FM intrachain
coupling, and a slightly weaker AFM interchain coupling. The 2-D Ising model discussed
above gives rise to a partially disordered antiferromagnet (PDA), where 2/3 of the chains
are coupled antiferromagnetically, and 1/3 are incoherent [8]. However, in the
intermediate temperature range (12K < T < 25K), resonant X-ray scattering [9]
discovered incommensuration in the magnetic order along the chain, implying a long
wavelength spin-density wave (SDW). Thermal conductivity measurements [10] have
shown an exchange-mediated heat transfer, which supports helical exchange pathways
rather than Ising-type behavior. Below T ~ 12K, there is an increase in the number of
“steps” in the field-driven magnetization process, as well as an increase in magnetic
hysteresis. These steps had led many to believe that the system exhibits quantum
tunneling of magnetization (QTM), similar to molecular magnets [11], however the idea
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of QTM has been challenged, and the behavior is suggested to correspond more closely
to that of superparamagnetic clusters [12], or a host of metastable states. Below TFS ~ 8K,
CCO exhibits extremely slow spin dynamics, large magnetic hysteresis, and a very
pronounced frequency dependence in AC susceptibility measurements [13], which can all
be described as a frozen spin state.
Recent theoretical and experimental evidence suggests that below 25K, nearest
and next nearest neighbor AFM interactions stabilize the AFM state in the form of a
longitudinal amplitude-modulated SDW propagating along the chains [4]. As temperature
is decreased, the SDW becomes more unstable, leading to a large volume fraction of
short-range ordering giving rise to an overall highly disordered state [14].
It is clear that the complex magnetic behavior described above provides a unique
opportunity to study a variety of interactions with numerous probes. Much of the research
on CCO has been focused on probing the microstates either experimentally or
theoretically. This study focuses on the macroscopic details of the field- and temperaturedependence of the change in magnetic entropy probed by the MCE. CCO single crystals
were grown by the floating zone method and provided by Prof. Sang-Wook Cheong’s
group at Rutgers University.
9.2 Results and Discussion
Figure 9.1 (a) shows the DC M(T) curve acquired under a field of H = 100 Oe.
The small deviation from M = 0 beginning below T ~ 70K is attributed to the onset of 1D magnetic ordering along the chains. Then at TC ~ 25K, there is a large jump in M
associated with FM intrachain coupling. At this ordering temperature, it is important to
note that the coupling between neighboring chains is AFM in nature, thus the large jump
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in M(T) leads to the understanding that the intrachain FM coupling dominates in strength.
At even lower temperatures, the system enters a complex glassy regime.

(b)

(a)

(c)

(d)

Figure 9.1: Temperature dependence of (a) DC-magnetization at an applied field of 100
Oe (b) AC susceptibility with small AC magnetic field ~10 Oe at a variety of frequencies.
Also, magnetic field dependence of magnetization at (c) 25K and (d) 5K.
Magnetization dynamics were probed (Figure 9.1(b)) using AC magnetization
measurements in a small (HAC ~ 10 Oe) AC- magnetic field at various frequencies. The
strong frequency dependence can be described via an Arrehnius-like regime at higher
temperatures (T > 10K) and a quantum regime at lower temperatures (T <10 K) [15].
Figure 9.1 (c,d) shows M(H) curves at T = 25K and 5K; dM/dT is plotted in the inset. For
T < 10K, there is an increase in the number of steps in the M(H) curves, leading to strong
magnetization dynamics and coupling phenomena.
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Figure 9.2 shows the isothermal M(H) curves used to calculate the MCE. Due to
the measurement process, H and T need to be stabilized in order to collect the data. For
CCO, this results in a smoother step in the magnetization due to the slow field sweep rate
[15]. For T > TN, there is a linear increase in M with increase in H, however, an approach
to saturation is evident in the curves.
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Figure 9.2: Isothermal magnetization vs. applied field for a temperature range of 120K5K with a temperature interval of 5K, and magnetic field from 0-7T.

This leads to the belief that the large bump in the heat capacity [5] at high
temperature is due to short-range FM order along the chains. Below TN, steps emerge in
the magnetization. A large plateau occurs at low field when M = MS/3 (MS is the
saturation magnetization), as the geometrically frustrated matrix enters the ferrimagnetic
(FIM) up-up-down (UUD) state in which 2/3 of the chains are aligned ferromagnetically
and 1/3 are aligned antiferromagnetically. There is another step 0H = 3.6T, above which
the system becomes fully ferromagnetically aligned. For T = 5K, more steps in M occur
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at a regular interval [16] (0H = 0T, 1.2T, 2.4T and 3.6T). This is due to the stabilization
of micro-clusters of disorder within the chain [14].
Figure 9.3 shows the calculated temperature dependence of SM. The most
striking feature is the very large peak (–SMmax ~ 6.5 J/kgK) at 30K. This peak has the
signature of short-range FM ordering, which is believed to be correlated to the large
maximum seen in the heat capacity measurements [5].

6

-SM ( J / Kg K )

4

0H = 7 T

2

0

0H = 0 T
-2

0

20

40

60

80

100

120

T(K)

Figure 9.3: Change in magnetic entropy as a function of temperature, calculated using
the thermodynamic Maxwell relation (Eqn. 3.9).

At TN, there is a small peak associated with FM intrachain alignment and AFM interchain
alignment. Due to the nature of the transition, –SM < 0 is expected, however, since –SM
> 0, this highlights the dominance of the intrachain FM coupling over the interchain
AFM coupling. For T ≤ 10K, –SM < 0, where the thermal fluctuations have stabilized the
AFM phase.
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The MCE measurements become even more enlightening when looking into the
field dependence of SM. Figure 9.4 (a-d) shows –SM(H) for 30K, 20K, 15K and 10K
respectively. At T = 30K (Figure 9.4 (a)), –SM(H) shows a gradual increase with H,
similar to that of short-range FM ordering, leading to the belief that there are magnetic
interactions occurring above the long-range ordering temperature. These interactions are
believed to be the growth of FM clusters along the chains, and can extend up to
temperatures as high as 100K. The fact that the large peak is not observed until T = 30K
could be due to thermal fluctuations that cannot be overcome by the magnetic fields
available in our laboratory (up to ±7T). As the temperature is decreased below TN, a very
interesting feature emerges. Figure 9.4 (b), shows –SM(H) at 20K. As H is increased
there is an increase in –SM, as would be expected for FM ordering throughout CCO, i.e.
the UUD model discussed previously. Interestingly, –SM exhibits a maximum at 0H =
2T, then starts decreasing for fields in the range 2T < 0H < 3.6T. In this region, the FM
coupling has been stabilized, and the AFM coupling between nearest-neighbor (NN) and
next-nearest neighbor (NNN) chains is strong enough to slightly distort the FM ordering
present in each chain; this can be thought of as a disorder induced by order. A similar
feature has been observed in the helimagnet, Dy [17].
Finally, for large enough fields the disorder can be overcome and there is full FM
order throughout the sample. At T = 15K, (Figure 9.4 (c)) –SM(H) exhibits similar
features to those observed at higher temperatures, yet the dip in –SM at 0H = 2T
reaches negative values, in contrast to the T=20 K –SM(H) curve. The T = 15 K behavior
can be attributed to the system cooling below the “cross-over” temperature (T ~ 18K),
where the AFM coupling between NN and NNN chains increases, therefore further
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stabilizing the AFM phase and increasing its negative contribution to –SM. At T = 10K
(Figure 9.4 (d)), the SDW is destabilized giving rise to a large volume fraction of shortrange order FM clusters, aligned either parallel or anti-parallel to the applied magnetic
field.
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Figure 9.4: Change in magnetic entropy as a function of applied field at various constant
temperatures, (a) 30K, (b) 20K, (c) 15K and (d) 10K.
Therefore, on average CCO is in an AFM-like state leading to a purely negative –SM(H).
The slight upturn in –SM near oH = 3T is related to a small volume fraction of FM
correlations ordering with the field. However, by ordering these regions, there is, once
more, an increase in disorder brought about by distortion induced by neighboring chains.
Figure 9.5, represents a phase diagram constructed from the MCE data, where HC1
(shown in Figure 9.4 (c)) is related to the maximum (minimum) in –SM before the onset
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of field-induced disorder. HC2 represents the field at which the maximum disorder is
induced in the chains.
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Figure 9.5: (a) First derivative of the field-dependent change in entropy. (b)
Magnetic phase diagram derived from the field- and temperature-dependent
change in magnetic entropy.

HC3 indicates the field at which the volume fraction of FM ordering starts to
become the dominant phase. From fig 9.5, as T is decreases below 25K it takes a
significantly larger value of H in order to achieve a large volume fraction of FM ordering
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in CCO (in fact, for T = 5K –SM never crosses over zero, therefore we extrapolated
linearly), leading to the paradoxical conclusion that CCO becomes more disordered as T
decreases. HC2 remains almost constant for all T, and is associated with the large plateau
in M present at all T. For HC1, a crossover temperature exists; for T ≥ 15K a relatively
small field will globally align the material in the UUD FIM state described above.
However, for T < 15K, the system is in the short range order-SDW state which gives rise
to AFM-like behavior.
9.3 Conclusions
MCE data was taken for a wide range of temperatures and applied magnetic fields
for Ca3Co2O6. The MCE data seem to confirm the spin-density wave description that has
been proposed recently. The MCE data has also confirmed that CCO becomes more
disordered with a decrease in temperature and also exhibits field-driven and orderinduced disorder. These observations are consistent with previously studied helimagnets.
A new and comprehensive magnetic phase diagram is constructed for the first time from
MCE experiments.
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CHAPTER 10.
CONCLUSIONS AND OUTLOOK

10.1 Conclusions
Throughout this dissertation I have demonstrated the effectiveness of the
magnetocaloric effect (MCE) and transverse susceptibility (TS) as probes used for
fundamental research rather than the standard application-based probes seen widely
throughout the community. First, the basic properties of manganite materials were
discussed, where the strongly coupled magnetic, electric and structural degrees of
freedom depend strongly on local strain caused by chemical doping. Manganites,
although very similar in structure, can be “tuned” drastically by varying the A-site radius
and applying external fields (i.e. pressure, magnetic and electric). This makes manganites
ideally suited for this kind of comprehensive study. Next, the magnetic and
magnetocaloric properties of bulk polycrystalline and thin-film samples of the Collosal
Magenetoresistive (CMR) manganite La0.7Ca0.3MnO3 were investigated to observe the
effects of reduced dimensionality in the system. Broadened transitions along with
reduced Curie temperature, magnetic moment, and magnetic entropy change were
observed in the thin-film sample. The film exhibited enhanced refrigerant capacity over
the polycrystalline sample, due to the change of the nature of the phase transition being
converted from a first-order to second-order paramagnetic to ferromagnetic transition.
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Then, a systematic study on the effects of A-site cation doping on the
ferromagnetic phase transitions and critical behavior of La0.7Ca0.3−xSrxMnO3 (x = 0, 0.05,
0.1, 0.2 and 0.25) single crystals was presented. Using the Banerjee criterion and
Kouvel–Fisher method, it is shown that x∼0.1 is a tricritical point that separates the firstorder magnetic transition for x < 0.1 from a second-order magnetic transition for x > 0.1.
Above the tricritical point, the system exhibits a second-order magnetic transition with
the critical exponents belonging to the Heisenberg universality class with short-range
exchange interactions. This indicates that short-range magnetic interactions dominate in
these systems. It is shown that while the Double-Exchange (DE) mechanism and
formation of ferromagnetic clusters can account for the canonical MR and metal-like
conducting behavior in La0.7Ca0.3−xSrxMnO3 with x = 0.2 and 0.25. Other effects, such as
cooperative Jahn–Teller distortions and antiferromagnetic coupling are important
additions for understanding of the relationship between the PM–FM transition and the MI
transition, including CMR in La0.7Ca0.3−xSrxMnO3 with x = 0, 0.05 and 0.1. The change of
the PM–FM transition with chemical (internal) pressure introduced by substitution of
larger Sr ions for smaller Ca ions points to the strong coupling between the magnetic
order and structural parameters in these doped manganites.
The usefulness of MCE and TS for studying complex phase transitions and the
magnetic anisotropy along with its variation with temperature in half-doped manganites
such as Pr0.5Sr0.5MnO3 was demonstrated. The influence of first- and second-order
magnetic phase transitions on the MCE and RC of charge-ordered Pr0.5Sr0.5MnO3 was
displayed first. It is shown that the first-order magnetic transition at TCO induces a larger
MCE, but concentrates the MCE in a narrower temperature range, resulting in smaller
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RC. However, the second-order magnetic transition at TC induces a smaller MCE, but
spreads the MCE over a broader temperature range, resulting in larger RC. Hysteretic
losses accompanying the first-order magnetic transition are very large below TCO and
therefore detrimental to the RC, whereas they are very small or negligible below TC, due
to the nature of the second-order magnetic transition. With TS, it is evidenced that there
is an abrupt change in magnetic anisotropy at the FM-AFM transition, which is
associated with the structural phase transition that occurs at the same temperature. This is
a clear indication of the strong correlations between magnetic and structural properties n
Pr0.5Sr0.5MnO3.
Systematic study of magnetocaloric measurements on La5/8−xPrxCa3/8MnO3 (x =
0.275) single crystals have revealed further insights into the complex multiple-phase
transitions. The system is FM at low temperature and becomes charge ordered at high
temperature. The dynamic strain-liquid phase is strongly affected by an applied magnetic
field, whereas the frozen strain-glass phase is nearly magnetic field independent. The
origin of the large MCE in the strain-liquid region arises from the suppression of dynamic
fluctuations in magnetic fields. The MCE data clarify that the sharp increase in the
magnetization below TC may not be due to the destabilization of the COI phase to the
FMM phase, but favors the idea of the growth of pre-existing FMM domain regions.
Overall, MCE and TS have proven to be excellent probes of the magnetic transitions and
ground-state magnetic properties of mixed-phase systems.
TS and MCE measurement techniques were used to examine the anisotropic
magnetic properties of Pr0.5Sr0.5CoO3, specifically the structure-driven magnetocrystalline
anisotropy transition at 120 K. By using these techniques, the FM-FM phase transition is
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clearly manifested in the evolution of the anisotropy and switching peaks with
temperature. The well-documented unusual M(T) behavior, dependent upon cooling field,
is present in the TS, as well, in the form of a sharp peak at the crossover field which
disappears above TA. The rotation of the easy axis can also be deduced by comparing the
signal intensity from two different measurement orientations where a crossover behavior
is observed. Also observed was a relatively rare structural transition, which is not coupled
with a magnetic transition, using the MCE. Collectively these findings show that TS and
the MCE are very useful tools for lending insight into the unusual magnetic behavior of
doped perovskites.
Finally, magnetic and magnetocaloric data were taken for a wide range of
temperatures and applied magnetic fields for Ca3Co2O6 (CCO). The data seem to confirm
the spin-density wave description that has been proposed recently. MCE data has also
confirmed that CCO becomes more disordered with a decrease in temperature, and also
exhibits a field-driven, order-induced disorder. A new phase diagram was produced from
this data, further proving the usefulness of the MCE as a very powerful fundamental
probe.
10.2 Outlook
The CMR manganites are sensitive to all types of perturbations. In particular, it
has been shown in bulk that the internal (through the average size of the A-site cation) or
external pressure (via hydrostatic pressure) can strongly influence the magnetotransport
properties. Thus, strains affect the properties of manganite thin films, and, in
consequence, one needs to correctly understand the effects in order to obtain the desired
properties.
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Van Tendeloo et al. [1] have studied the evolution of the microstructure as
function of the thickness in La0.7Sr0.3MnO3 films grown on LaAlO3. Close to the
interface, both the film and the substrate are elastically strained in opposite directions in
such a way that the interface is perfectly coherent. In the thicker films, the stress is partly
relieved after annealing by the formation of misfit dislocations. In general, a strain is
observed due to the epitaxial growth in very thin films i.e. lattice parameters adopt those
of the cubic lattice. However, when films reach a critical thickness (generally around
~100nm) the strain becomes relaxed and the film takes on the properties of its bulk
counterpart.
Another way to achieve exotic behavior in these materials is via the growth of
artificial superlattices and multilayer films. The interfaces of thin-film manganite
heterostructures are well documented sites for fundamentally altered magnetism.
Superlattices of FM and AFM layers can lead to an overall enhancement in magnetization
through an induced FM ordering extending into the AFM layer [2], while ferromagnetism
has also been observed at the interface of two AFM manganites [3]. Intriguingly, induced
magnetism can also occur in paramagnetic (PM) layers at FM/PM and AFM/PM
interfaces [4, 5].
La0.7Sr0.3MnO3 (La0.7Ca0.3MnO3) films grown on BaTiO3 (BTO) have recently [6]
been shown to exhibit large jumps in temperature-dependent magnetization due to strain
from first-order structural phase transitions, where BTO changes from rhombohedral to
orthorhombic at 200 K, from orthorhombic to tetragonal at 300 K and from tetragonal to
cubic at the ferroelectric Curie temperature TFEC ~ 400 K). However, since BTO is also a
piezoelectric material, the application of a relatively small electric field can also change
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the substrate’s lattice parameters, allowing for the control of strain at temperatures below
TFEC.
Thus, by depositing complex oxide thin-films onto variable substrates, or in
composite multi-layered systems, the physical properties of the films will in turn be
“tunable,” thereby making these materials functional for a wide variety of applications,
and creating a vast playground for fundamental research.
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